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INTRODUCTION 
Recurrent selection is an effective method used by plant 
breeders to improve the agronomic value of crop species. Pop­
ulations which already possess high levels of many desirable 
traits and ample genetic variability must be used in properly 
designed and executed selection programs to fulfill future 
breeding challenges. If early quantitative geneticists had 
at their disposal the array of elite synthetic varieties exist­
ing today, many of their selection programs would have used 
different populations. Although early populations generally 
have not been good sources of useful lines, the populations 
involved in long-term selection programs have, however, pro­
vided valuable information to maize (Zea mays L.) improvement. 
From examination of changes in population parameters due to 
recurrent selection, researchers can, therefore, more effec­
tively design and conduct new selection programs to effi­
ciently improve modern synthetic varieties. 
Reciprocal recurrent selection has been conducted since 
1949 at Iowa State University in cooperation with the United 
States Department of Agriculture. This program provides val­
uable data concerning changes in means and genetic variances 
that have resulted either as a direct response or as an in­
direct, genetically correlated response to selection in the 
'Iowa Stiff Stalk Synthetic' (BSSS) and the 'Iowa Corn Borer 
Synthetic No. 1' (BSCBl). From this long-term project. 
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researchers are better able to understand both obvious and 
subtle ramifications of recurrent selection. Improvement in 
agronomic performance, the goal of selection, is dependent 
upon the existence of genetic variability in populations. 
Data from advanced cycles of BSSS and BSCBl illustrate how 
variability can be altered with selection. The principal 
objective of this study was to examine changes in genetic 
variances and means that may have occurred in BSSS and BSCBl 
after eight cycles of reciprocal recurrent selection. 
Researchers have not completely ignored the maize root 
system as a research objective, but they have expended 
minimal resources in investigating characteristics of this 
valuable plant component. In most breeding programs selection 
for root traits involves discarding lines or hybrids suscep­
tible to root lodging. In certain years environmental con­
ditions are not favorable for the development of root lodging, 
so only nominal selection among lines for superior root 
characters is accomplished. Therefore, the second objective 
of this study was to evaluate the root pulling technique to 
more effectively select genotypes with superior root character­
istics. In addition, the practicality of identifying and dis­
carding weakly rooted lines prior to anthesis was examined. 
Root pulling resistance also was related to root lodging and 
yield, the trait of primary importance. 
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LITERATURE REVIEW 
Reciprocal Recurrent Selection 
Recurrent selection broadly defines several syste. ^c 
breeding procedures that are utilized for crop improvement 
In the classic sense recurrent selection includes three steps 
in a cyclical program; 1) families to be evaluated (e.g., 
testcross or selfed) are produced from a population; 2) these 
families are evaluated in performance tests; and 3) superior 
families are recombined or intermated to generate an improved 
population in which the recurrent selection procedure can be 
repeated (Sprague and Eberhart, 1977). The improved popula­
tions should theoretically possess a higher frequency of 
desirable alleles which code for superior family performance 
than would populations from earlier cycles of selection. For 
maize (Zea mays L.) breeders, these improved populations 
should be superior sources from which to isolate elite inbred 
lines (Penny et al., 1963). 
Hull (1945) was first to describe the cyclical selection 
procedure as recurrent selection. However, Jenkins (1940) 
already clearly described such a program for the development 
of synthetic varieties of maize for marginal areas where the 
production of hybrid seed corn would be economically prohibi­
tive. He proposed that lines should be evaluated in top-
cross yield trials and that selfed lines of superior topcross 
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families be intercrossed to produce a commercial synthetic. 
Wisely, he recommended that no fewer than 10 lines be recom-
bincd to form the improved synthetic. Hull (1945) believed 
that overdominant effects were responsible for yield heterosis 
and proposed what is now called recurrent selection for spe­
cific combining ability (SCA). He favored using an inbred 
tester instead of a genetically broad-based tester. The use­
ful product of such a program would be the cross of the popu­
lation (or inbreds from it) to the inbred tester. Specific 
alleles in the population, complementary to the alleles fixed 
in the tester and contributing to enhanced performance of the 
cross of the population with the tester, would be accumulated 
by this recurrent selection program. Hull felt this method 
to be superior to recurrent selection of general combining 
ability (GCA). 
Comstock et al. (1949) proposed reciprocal recurrent 
selection (RRS) as a breeding procedure designed to effec­
tively utilize both additive and nonadditive effects. At loci 
with overdominant effects, RRS would be a superior breeding 
system compared with selection for GCA. It would be more 
effective than Hull's method of selection for SCA at loci with 
partial-dominant effects and selection for GCA at loci with 
pseudo-overdominance from repulsion phase linkages. Recipro­
cal . recurrent selection is basically a half-sib family selec­
tion scheme utilizing a reciprocal population as the 
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genetically broad-based tester. The useful product of this 
system, according to the authors, would be either a double-
cross hybrid (inbred lines derived from the two populations) 
or a varietal hybrid. To initiate a reciprocal recurrent 
selection program, Comstock et al. suggested that the two 
populations (e.g., open-pollinated varieties, synthetics, or 
F2 populations) be as genetically diverse as possible. The 
breeding procedure is outlined as follows: 
Tear 1: Self-pollinate about 200 plants in 
population A and 200 plants in population 
B. Cross each selfed plant to 4 to 5 
random plants of the reciprocal population. 
Year 2; Yield test all population A and population 
B testcrosses. 
Year 3: Based on the testcross performance for 
each population, sufficient numbers of Sj 
lines, representing the superior families, 
should be intermated to form improved A 
and B populations while holding inbreeding 
to a low level. 
Year 4: Repeat the procedures starting with year 1. 
Relevant conclusions concerning changes in population 
means and variances can be drawn from studies that pool data 
of various cycles, obtained from different years, but the 
potential bias of the results due to genotype x environment 
interaction cannot be avoided. Simultaneous evaluation of 
initial and advanced cycles provides accurate estimates of 
changes in population parameters. Quantitative geneticists 
generally evaluate progress from selection by regressing 
means on cycles of selection. For traits such as yield, whose 
value is coded by many genes, selection should effect a linear 
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change in performance until gene frequencies are changed suf­
ficiently to reduce genetic variability (Russell et al., 1973). 
Breeders also examine changes in frequency distributions and 
in genetic variances, because variation is a prerequisite for 
progress from selection. 
Reciprocal recurrent selection, utilizing 'Iowa Stiff 
Stalk Synthetic' (BSSS) and 'Iowa Corn Borer Synthetic No. 1' 
(BSCBl) as the source populations, has been conducted at Iowa 
State University since 1949. BSSS was developed in the 1930s 
by intercrossing 16 inbred lines: la. 1159, 1224, la. 0s420, 
WD456, Ind. 461-3, Ind. AH83, Tr9-l-6, 111. 12E, 111. Hy, 
C.I.617, C.I.187-2, C.I.540, Oh3167B, FlBl-7-1, A36-3-1-3, and 
LE23, BSCBl was developed by intercrossing 12 inbred lines: 
A340, CC5, 111. Hy, 1205, K230, L317, 0h07, Oh23, Oh40B, 
OhSlA, PB, and R4 (Sprague, 1946). In 1949,100 S^^ lines per 
population and their respective testcrosses were produced. 
Each SQ plant was crossed on to approximately 10 plants of the 
reciprocal population. In 1950,the testcrosses were evaluated, 
and in 1951,the 10 elite S^ lines per population, representing 
primarily the highest yielding testcrosses, were intercrossed 
in all possible pairwise combinations. The number of trials 
in which the testcrosses were evaluated has ranged from one to 
four, with later cycle testcrosses being evaluated in three 
environments with two replications per trial (Obilana and 
Hallauer, 1977). 
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After five cycles of selection, the increase in the 
varietal hybrid yield was less than expected, and the lines 
used to reconstitute new cycles lacked desirable agronomic 
characteristics. Beginning with the sixth cycle of selection, 
the procedure was modified. Instead of selecting among SQ 
plants within each population, plants were used. 
These plants were identified after selection among and 
within lines for desirable agronomic traits, such as 
disease resistance, resistance to feeding by the first brood 
of European corn borers (Ostrinia nubilalis Hubner), and over­
all visual appearance. The genetic variation among test-
crosses subsequently was increased, which permitted more 
rapid progress from selection. Yield trials, instead of being 
hand harvested, were harvested by combines modified for small 
plots. This imposed additional selection criteria that would 
promote the development of populations and inbred lines with 
satisfactory agronomic performance (Penny and Eberhart, 1971) . 
Hallauer has examined BSCBl in one study and BSSS in 
three studies, which evaluated the performance of synthetics 
per se and in varietal hybrids. Hallauer and Eberhart (1966) 
reported that BSCBl yielded fifth and BSSS yielded sixth in a 
test of nine synthetics. However, BSSS displayed the second-
highest, average varietal-cross performance. Likewise, 
Hallauer and Sears (1968) and Hallauer (1972) confirmed that 
as a population, BSSS was low yielding but had superior 
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varietal-cross heterosis when compared with other synthetics. 
Center (1973) believed that populations could display excep­
tional GCA due to favorable genetic effects but would be 
relatively low yielding because of a suppression of yield 
from an accumulation of homozygous deleterious recessive 
alleles. 
Penny et al. (1963), in an early progress report of RRS 
with BSSS and BSCBl, summarized yield data collected from 
eight experiments. The C2 x C2 varietal cross yielded 84.1 
bu/acre, which represented a 7.8 bu/acre increase above the 
CO x CO or a 2.5% gain in yield per cycle. It was considered, 
though, that this yield increase may have been the result of 
the elimination from the populations of extremely poor geno­
types and not necessarily due to any increase in the frequency 
of superior individuals. From examination of the variability 
among testcrosses, they concluded that no apparent loss of 
genetic variability could be discerned after two cycles of 
selection. 
Penny and Bberhart (1971) reported that in testcrosses 
to two inbreds and to two open-pollinated varieties, popula­
tions of BSSS and BSCBl from the first three cycles of selec­
tion displayed an average yield increase of 1.2% per cycle. 
This indicated that improvements in GCA were an indirect 
result of RRS. In a least squares analysis to estimate 
progress from RRS, the authors incorporated yield data from 
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several tests of the varietal hybrids (through cycle 4) and 
additional tests of the original and advanced populations 
(through cycle 3). Estimated yields of the hybrid, Cn x Cn, 
and BSSSCn increased a significant 1.18 and 1.38 q/ha/cycle, 
respectively. Yield of BSCBl decreased 0.64 q/ha/cycle. Mid-
parent heterosis for the varietal hybrid, estimated from the 
pooled data, was 18% for the CO x CO and 22% for the C3 x C3. 
Penny (1968) evaluated advanced-cycle Stiff Stalk Syn­
thetic populations from reciprocal recurrent selection (C4) 
and two half-sib selection programs. The yield of each popu­
lation crossed to their respective tester was very similar to 
the average yield of each population when crossed to all 
testers. This indicated that the various recurrent selection 
programs had selected primarily for GCA. In this study the 
yield of the varietal hybrid, BSSS(R)C4 x BSCBl(R)C4, was 65.2 
q/ha or 7.24% greater than the CO x CO yield. As an indirect 
response to RRS, the yield of BSSS(R)C4 exceeded its CO yield 
by 3.8 q/ha, which represented a 7.98% increase after four 
cycles. 
Using a Design II mating scheme, Hallauer (1970, 1971) 
evaluated changes in population variances and means of BSSS, 
BSCBl, and the varietal-cross composite after four cycles of 
RRS. For BSSS, the estimates of additive genetic variance 
^2 (a^) for yield decreased from 184 + 48 for the CO to 130 + 35 
2 for the C4. For BSCBICO, the estimate of for yield was 
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143 + 35/ which differed little from that estimated for the C4, 
= 133 +35. A reduction in for yield was also indicated 
for the varietal-hybrid composite (C4 x C4 syn. 3). No change 
2 in the estimate of the dominance variance (o^) occurred from 
selection for yield for both populations. Estimates of genetic 
variance for yield, after pooling and , implied a reduc­
tion in variability for BSSS and the composite population 
after four cycles of RRS. No significant change in genetic 
variability for yield was observed for BSCBl. If RRS had been 
effective in accumulating favorable complementary alleles with 
overdominant effects in BSSS and BSCBl, in comparison with the 
CO X CO syn. 3 composite, estimates of genetic variance for 
yield for the C4 x C4 syn. 3 composite should have been expected 
to have increased, due to a greater frequency of heterozygous 
loci. This, however, was not observed. Midparent heterosis 
for the hybrid composite population increased from 3% for the 
CO X CO syn. 3 to 8% for the C4 x C4 syn. 3. After four 
cycles of selection, yield of BSSS and the composite popula­
tion had increased relative to their initial cycle populations, 
whereas the yield for BSCBl decreased 8%. For the traits days-
to-50%-silk, plant height, ear height, and cob diameter, more 
than 80% of the genetic variance was due to additive effects. 
For those traits and ear length, the average degree of domi­
nance ranged from partial to complete. For ear diameter, 
kernel depth, and yield, the average degree of dominance was 
estimated to be nearly complete to overdominant. 
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Eberhart et al, (1973) further investigated RRS by 
examining the performance of BSSS(R) C0-C5 and BSCBl(R) C0-C5 
as populations per se and in crosses to the reciprocal (Cn) 
population, to both CO populations, and to an unrelated syn­
thetic, BSBB. Positive, nonsignificant yield increases were 
observed for both populations as an indirect response to RRS. 
The varietal hybrid (Cn x Cn) gained a significant 2.7 3 q/ha/ 
cycle. Yield of the C5 x C5 hybrid approached the yields of 
some of the check double and single crosses included in the 
experiment. Midparent heterosis more than doubled, going from 
14.4% for the CO x CO to 35% for the C5 x C5. For both BSSS 
and BSCBl the C5 x CO yield exceeded the yield of the C5 popu­
lation. This indicated the effects due to the increase in the 
frequency of favorable alleles were diminished by inbreeding, 
which fixed certain undesirable recessive alleles, or that 
RRS had been effective in selecting alleles with overdominant 
or pseudo-overdominant effects. If selection had been effec­
tive in increasing the frequency of alleles with partial-to-
complete dominant effects, then the yield of the C5 should 
have exceeded the yield of the C5 x CO. Since the cross of 
BSCBl(R)Cn x BSBB and BSSS(R)Cn x BSSS displayed no sig­
nificant yield increase with selection, it seemed that RRS 
failed to improve GCA and further suggested that selection 
has been for alleles with overdominant effects. Inbreeding 
depression for both C5 populations was estimated to be 22%. 
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Obilana and Hallauer (1977) assembled the estimates of 
/\ 2 genetic variances (Og) from testcross data for BSSS(R) through 
eight cycles of RRS and failed to detect any loss of genetic 
variability among testcrosses due to selection. A decrease in 
genetic variance was noted for cycles 2 to 4, but the genetic 
variances from cycles 5 to 7 were comparable to the genetic 
variance for the original cycle testcrosses. For BSSSCO test-
crosses Og = 13.3 + 3.4, and similarly for BSSS(R)C7 test-
crosses, CTQ = 13.4 + 5.4, based on q/ha. 
From a study that examined changes in performance of 
populations developed from RRS and their varietal hybrids, 
Martin and Hallauer (1980) confirmed trends reported in 
earlier studies. Cycles 0, 1, 3, 5, and 7 of BSSS(R), 
BSCBl(R), and the varietal cross were tested. BSSS as a pop­
ulation per se increased in yield from 50 q/ha for CO to 
52.4 q/ha after seven cycles. The linear regression coeffi­
cient for the yield increase was calculated to be b = 0.61 + 
.33 q/ha/cycle. Yield of BSCBl decreased at the rate of b = 
0.57 + .33 q/ha/cycle. After seven cycles of RRS, the yield 
of BSCBl(R)C7 was 47.4 q/ha, a decrease of 4.4 q/ha from the 
CO yield. The varietal hybrid yield increased a significant 
1.75 q/ha/cycle, up to 70.7 q/ha for the C7 x C7. Midparent 
heterosis increased from 14.9% for the CO x CO to 41.7% for the 
0.1 X 0.1. Crosbie and Mock (1980) also reported that the 01 x 
01 hybrid yielded approximately 50% more than the CO x CO as 
an average over three plant densities. 
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Grady (1980) examined 100 unselected lines from each 
of four populations: BSSSCO, BSSS(R)C8, BSCBICO, and BSCBl(R) 
/\2 ^2 C8. A positive, nonsignificant increase in and 
yield among lines from BSSS(R)C8 was found in comparison 
with similar variances for the original population. After 
eight cycles of selection, average line yield for BSSS had 
increased 13.7 q/ha. A significant increase in among 
lines from BSCBl(R)C8 over lines from BSCBICO was detected; 
however, lines from cycle 8 yielded 5.7 q/ha less than lines 
from the initial cycle. The observed increase in genotypic 
variance for BSCBl accompanied by a decrease in mean per­
formance was thought to have been the result of an increase 
in the frequency of favorable alleles whose effects were 
negated by deleterious effects due to inbreeding. Inbreeding 
was estimated to be approximately 30% for both populations. 
Entry mean heritability estimates for yield for BSSSCO, 
BSSS(R)C8, BSCBICO, and BSCBl(R)C8 were 0.87, 0.86, 0.72, and 
0.90, respectively. 
Smith (1979) developed a model to explain observed 
changes in the means of populations undergoing recurrent selec­
tion, in terms of changes in allelic frequencies and inbreeding. 
Studies which regressed population and varietal hybrid yields 
on cycles of selection were unable to partition out effects 
due to inbreeding, caused by genetic drift from the use of 
restricted effective population sizes. Eberhart et al. (1973) 
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found nonsignificant gains in yield for BSSS(R) and BSCBl(R) 
through five cycles of RRS. Smith reexamined their data and 
determined that for BSSS(R), yield had increased 1.35 + .40 q/ 
ha/cycle due to the weighted average change in gene frequency. 
This indicated a significant increase in the frequency of 
favorable alleles for population performance. Unfortunately, 
inbreeding effects forced a significant decline of 2.52 q/ha/ 
cycle. Due to the increase in the frequency of favorable 
alleles for population performance. Smith estimated a gain in 
yield for BSCBl(R) to be 1.48 + .47 q/ha/cycle. Inbreeding 
affected a 2.40 + .76 q/ha/cycle decline in mean performance. 
This partitioning of the observed yield changes offered an 
explanation why Eberhart et al. (1973) failed to demonstrate 
a significant increase in population performance of BSSS(R) or 
BSCBl(R). A comprehensive examination of progress from recur­
rent selection ideally would include estimations of changez in 
variance components and a partition of the regression coeffi­
cient, representing the yield increase, as a function of 
inbreeding and the accumulation of favorable alleles. 
Another long-running reciprocal recurrent selection pro­
gram has been conducted at North Carolina State University 
with two open-pollinated varieties, 'Jarvis Golden Prolific' 
and 'Indian Chief. In this program each self-pollinated SQ 
plant was crossed to four random plants of the reciprocal 
population. Twenty lines per population, representing the 
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families with superior testcross yield performance, were 
intermated each cycle to generate the next cycle for selection. 
Observed yield of the varietal hybrid for four cycles of RRS, 
closely agreed with the predicted yield, calculated with 
pooled estimates of variance components from the initial popu­
lations. Estimates of genetic variance for the varietal 
hybrid, determined from the testcross data obtained from the 
first four cycles, suggested that genetic variation may have 
increased after the initial cycle of selection (Moll and 
Robinson, 1966). 
Moll and Stuber (1971) evaluated six cycles of RRS by 
comparing rates of gain in population and varietal hybrid 
means. The average gain per cycle for the varietal hybrid was 
a significant 9.67 g/plant. The C6 x C6 hybrid outyielded the 
CO X CO by 21%. For Jarvis the gain in yield of 4.43 g/plant/ 
cycle approached significance. The yield of Jarvis C6 
exceeded the performance of Jarvis CO by 14%. A positive gain 
of 3.18 g/plant/cycle was obtained from Indian Chief. Six 
cycles of RRS increased the yield of Indian Chief by only 7%. 
Midparent heterosis increased from 19.2% for the CO x CO to 
30.2% for the C6 x Co. 
In a similar study, Moll et al. (1978) reported the changes 
in population and varietal cross performances through six and 
eight cycles of RRS. The varietal hybrids, C6 x C6 and C8 x 
C8, significantly outyielded the CO x CO by 18.7% and 25.8%, 
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respectively. Yields of the C6 and C8 of Jarvis and thei C8 
of Indian Chief significantly exceeded the yields of their CO 
populations by 16.3%, 19.9%, and 11.3%, respectively. Al­
though Jarvis(R)C8 yielded less than the CO x CO varietal 
hybrid, this difference was not significant. As Eberhart 
et al. (1973) reported for BSSS and BSCBl, the cross of the C8 
to the CO, for both populations, yielded more than did the C8. 
Midparent heterosis for the C6 x C6 equalled 27.5%, and for 
the C8 X C8, it equalled 40.7%. These were significant in­
creases above the midparent heterosis for the CO x CO. The 
authors demonstrated algebraically that a simple dominance 
genetic model explained the observed increase in varietal 
hybrid heterosis and in varietal means. They preferred such 
a model to one considering the observed trends to be the result 
of overdominance or epistasis and suggested that as selection 
proceeds, if overdominant effects were important, population 
performance should decline. 
Moll et al. (1977) examined changes in the frequency 
distribution of selected single-cross hybrid means (Jarvis 
lines X Indian Chief lines) compared with unselected single 
crosses between lines from the CO populations. One inbred 
line was developed by single-seed descent from each of the 20 
lines that were used to generate the seventh cycle of both 
populations. Two-hundred single crosses from these advanced-
cycle inbreds plus 200 single crosses from random inbreds of 
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the CO populations were compared. Examination of the yield 
distribution of the single crosses revealed that the frequency 
of single crosses in higher-yielding classes was greater for 
the C6 than for the CO. The ranges for the single crosses of 
both the CO and C6 cycles were identical, but the tail and the 
mode of the distribution for the C6 were one class interval 
higher than for the CO. The mean yields of the C6 single 
crosses exceeded the yields of the CO crosses by 12.5%. Re­
ciprocal recurrent selection increased the mean performance of 
single crosses but failed to alter the shape of the distribu­
tions . 
Cress (1967) used Monte Carlo computer simulation tech­
niques to investigate response to selection via RRS. The 
model included 40 independently segregating loci, each with 
equal value. Testcrosses of 90 individuals were evaluated 
each cycle, and the superior 10 lines were recombined to gener­
ate the next cycles of both populations. For a dominance and 
overdominance model, the value of the populations increased 
during the early cycles. Cress noted that an increase in the 
genotypic value of the populations per se through 5 to 10 
cycles of RRS could not be used as evidence to conclude that 
partially or completely dominant effects were of primary 
importance in RRS as opposed to overdominant effects. For 
most models examined, genetic variability was present after 
20 cycles of RRS. Cress suggested that one generation of 
selfing precede the formation of testcrosses. 
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Gevers (1975) conducted three cycles of RRS for yield with 
the varieties 'Teko Yellow' and 'Natal Yellow Horsetooth*. Two 
programs were conducted simultaneously and differed in that 
random males were self-pollinated and testcrossed in one, and 
in the other, males were chosen if they were vigorous and had 
disease and lodging resistance. Regression analysis of popula­
tion and varietal hybrid yield on cycles of selection showed 
that the random-male method improved the varietal hybrid, Teko 
Yellow, and Natal Yellow 6%, 7.9%, and 6%, respectively. Use 
of selected males, however, was less effective. The hybrid 
yield increased only 3.7%, Teko Yellow improved 3.9%, and Natal 
Yellow increased only 0.8%. Selection for agronomic traits 
among SQ plants was thought to have rapidly reduced the genetic 
variability upon which progress from selection depended. 
Two cycles of reciprocal recurrent selection were con­
ducted in Kenya using the populations 'Kitale II' and 'Ecuador 
573' (Ec573). Darrah et al. (1972) presented data which indi­
cated that the gain in yield per cycle for the varietal hybrid 
was 10%. Predicted gain, based on accumulated selection dif­
ferentials and heritabilities, was less than what was observed. 
Selection failed to change midparent heterosis but did signifi­
cantly increase the yield of Ec573. Apparently, selection was 
effective in accumulating alleles with partial-to-complete 
dominance. Allan and Darrah (1978) reported that three cycles 
of RRS increased varietal hybrid performance from 56.2 q/ha for 
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the CO X CO to 68.2 q/ha for the C3 x C3. This represented an 
8.5% gain in yield per cycle. 
Plant breeders measure correlations among plant traits to 
understand direct and indirect effects of selection and to 
efficiently develop varieties with the agronomic performance 
required by farmers. A genotypic correlation, mathematically, 
is the portion of the observable or phenotypic correlation, 
that is due to a genetic association between traits. Genotypic 
correlations are due to pleiotropism and/or linkage of genes 
coding for related plant functions. Often, recurrent selection 
for yield alters the partition of photosynthates, and if nega­
tive correlations exist between yield and other agronomically 
important traits, then breeders must correctly design programs 
that will insure only minimal losses in performance of the 
secondary traits. Improvement in a trait can be accomplished 
through selection of a genotypically correlated second trait. 
Due to low heritabilities, insignificant genetic variability, 
or labor constraints, some traits can not readily be improved. 
Researchers then may choose to select for a correlated trait 
to circumvent those limitations. 
Obilana and Hallauer (1974) correlated yield and silking 
date for 247 random Sg lines from BSSS and found phenotypic and 
genotypic correlations to be r = -.46 and r = -.49, respec­
tively. Later-flowering lines failed to express high yields in 
the environments in which they were tested, possibly due to 
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lack of pollen, water stress, or insect infestations. Hallauer 
(1971) reported that a 6-day silking difference existed between 
BSSSCO and BSCBlCO, but after four cycles of RRS, the silking 
dates of the advanced populations had converged. Selection for 
earliness in BSSS increased for silking date, but selection 
for later flowering decreased in BSCBl. Genetic correlations 
between ear length and yield and between kernel depth and yield 
decreased after four cycles of RRS in both populations. For 
other standard plant and ear traits, RRS failed to affect geno-
typic and phenotypic correlations with yield. Eberhart et al. 
(197 3) observed that five cycles of RRS increased the number of 
ears per 100 plants and decreased stalk lodging in BSSS, BSCBl, 
and the varietal cross. BSSS(R)C5, in addition to flowering 
earlier than the CO, was lower in grain moisture at harvest. 
Both populations decreased in plant height through five cycles 
of selection. 
Martin and Hallauer (1980) examined plant traits after 
seven cycles of RRS. Reciprocal recurrent selection caused 
BSSS to decrease the days-to-silking by 0.32 days/cycle, but 
BSCBl gained 0.38 days/cycle. For the population cross, selec­
tion increased plant height, ear diameter, ears per plant, and 
300-kernel weight and decreased days to silking. Possibly due 
to inbreeding in BSCBl, plane height, ear height, ear diameter, 
and kernel depth decreased with selection. BSCBl(R)Cn popula­
tions were more prolific than corresponding BSSS(R)Cn popula­
tions, yet the rate of gain was greater for BSSS (b = 0.015 
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ears/plant/cycle) compared with BSCBl (b = 0.009 ears/plant/ 
cycle) . Grady (1980) investigated lines from cycles 0 and 8 
of both populations and noted that resistance of lines to 
leaf feeding by European corn borers increased with selection. 
BSCBl(R)C8 displayed greater resistance to Northern leaf 
blight (Helminthosporium turcicum Pass) than CO. In BSSS 
significantly decreased for corn borer resistance and silking 
date; and in BSCBl, genotypic variability for resistance to 
northern leaf blight significantly decreased after eight cycles 
of selection. 
Fakorede and Mock (1978a, 1978b) compared varietal crosses 
(CO X CO and C7 x C7) between BSSS(R) and BSCBl(R) at several 
plant densities. The advanced-cycle varietal hybrid silked 
earlier, had a shorter pollen-to-silk interval, produced more 
kernels, and developed more ears per plant; but it had a longer 
grain-filling period and a higher grain moisture at harvest 
than the CO x CO. They concluded that the C7 x C7 hybrid was 
better adapted to higher plant densities than the CO x CO cross, 
Moll and Stuber (1971) determined that RRS for yield in­
directly modified the expression of other traits in Jarvis and 
Indian Chief. After six cycles of selection, the number of 
ears per plant increased 33% in Jarvis and 29% in the varietal 
hybrid. Plant and ear heights in both populations and in the 
varietal hybrid decreased with selection, but days-to-tassel 
was unaffected. By cycle eight, both populations and their 
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cross produced significantly more ears per plant and had 
significantly lower ear heights than their respective CO's. 
No significant changes in plant height were recorded (Moll et 
al., 1978). Likewise, Allan and Darrah (1978) observed that 
three cycles of RRS produced a gain of 6.95 ears/100 plants/ 
cycle for the population cross of Kitale II(R) x Ec573(R). 
Root Studies of Maize 
Root studies of maize are not numerous. Due to the physi­
cal constraint imposed by removing the roots from the soil, few 
researchers have undertaken a thorough examination of develop­
ment, distribution, or characteristics of root systems. Ento­
mologists in the last 20 years have pursued root studies 
because of the importance of corn rootworms (Diabrotica species) 
as serious maize pests. They have examined various techniques 
to rate and to efficiently select maize genotypes with resis­
tance to larval feeding damage. Few studies, though, have 
attempted to relate root characteristics with yield. 
Spencer (1940) studied the seasonal root development of 
four inbred lines, two of their single crosses, and their 
double cross. Every week for 15 weeks beginning 16 days after 
planting, five root systems per variety were dug, washed, and 
examined. Three weeks after planting, the crown and seminal 
roots were of equivalent dry weight, but 3 weeks later, the 
crown roots were six times heavier. The increase in dry weight 
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of the roots displayed a sigmoidal growth curve, and maximum 
dry weight of the root system was attained approximately at 
anthesis. The total length and number of functional roots, 
like dry root weight, reached a maximum value at or shortly 
after silking. For the first 8 to 9 weeks after planting, one 
whorl of crown roots was added each week for the hybrids. At 
full vegetative development one hybrid (56 x 4-8) had twice the 
dry weight of roots as inbred 4-8. Inbred 84 flowered as early 
as inbred 51 but had a consistently greater dry root weight 
throughout the growing season. Eleven weeks after planting, 
20 plants per variety were pulled to estimate root pulling 
resistance or root strength. The force required to remove the 
plants from the soil ranged from 158 to 227 pounds for the 
inbred lines to 290 to 350 pounds for the hybrids. Correla­
tions between root pulling resistance and dry root weight 
exceeded r = .50 for all entries. Distinct differences among 
inbred lines and between inbred lines and hybrids for various 
root traits, lead the author to suggest that lines resistant 
to root lodging might be identified by comparing among growth 
curves for the root traits. 
Data collected by Long (1959), in a study of the distribu­
tion of the maize root system, disclosed that for a well-
drained silt loam, 69% of the dry root weight at maturity was 
found in the upper 6 inches of soil. For both poorly and well-
drained soils, 58 to 75% of the dry root weight was located in 
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the upper 16 inches of soil. Roots were even collected from 
both soil types at a depth of 46 inches. The shoot-to-root 
weight ratio (S/R) increased from 3.7 on June 21 to 5.8 on 
August 27. Root penetration into deeper soil continued into 
late August, well after the maximum vegetative height had been 
attained in mid-July. 
Foth (1962) further investigated the distribution of the 
root system during various stages of plant development. Early 
root growth (seedling stage to knee-high) was first downward 
and diagonally, followed by extensive lateral growth. Maximum 
root mass was in the 3 to 6 inch profile. During the knee-high 
to pre-tassel period, roots uniformly pervaded the upper 15 
inches of the soil. At the end of this period, the brace roots 
were 4 to 5 inches long but unbranched. During the pre-tassel 
to post-silk period, 80% of the total root weight in the 15 to 
36 inch profile was produced. Brace-root growth increased root 
weight nearly 40% during the post-silk to milk stage. In mid-
August 68% of the dry root weight was still located in the 
upper 6 inches of soil. No significant change in root weight 
occurred after the milk stage. The S/R ratio increased from 
2.0 on June 27 to 9.3 on August 10, but 2 weeks later due to 
the rapid development of brace roots, this ratio dropped to 
7.7. By mid-September the S/R ratio was 10.7, primarily 
because of grain-filling activity. 
Holbert and Koehler (1924) used a root pulling machine in 
a study comparing the root systems of three inbreds in the 
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greenhouse and in the field. They observed that a good inbred 
line had superior root pulling resistance compared with an in­
bred line susceptible to root rot and an inbred line susceptible 
to leaf firing. The good inbred line had significantly more 
main roots and greater length of roots than the line susceptible 
to root rot. They observed that if root pulling resistance 
decreased, then lodging tended to increase. Koehler et al. 
(1925) further determined factors influencing root lodging in 
two sets of sister inbred lines (A and B) from 'Reid's Yellow 
Dent'. Differences between lines derived from the two 
plants were shown for number of roots, dry root weight, root 
lodging, and root pulling resistance. Of 16 inbred lines 
derived from B, the eight strongest root systems averaged 281.5 
pounds of resistance to pull, whereas the weaker eight averaged 
only 140 pounds. Like Holbert and Koehler (1924), the authors 
found an association between poor root strength and root lodg­
ing. Taller strains that were resistant to root lodging had 
stronger root systems than lodging-resistant shorter strains. 
Hayes and McClelland (1928) found that lodging resistance was 
an inherited trait. Single-cross hybrids between inbred lines 
with contrasting lodging resistance seemed to be intermediate 
in expression of the trait. Generally, hybrids between lodging 
resistant inbred lines were resistant to lodging. 
Two Minnesota studies examined morphological character­
istics of root systems in relation to root lodging. Wilson 
(1930) measured root pulling resistance for 14 inbred lines 
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and rated them for percent root lodging and angle of inclina­
tion (based on mechanically induced lodging) and concluded that 
inbred lines rated as strongly resistant to lodging, also had 
greater root pulling resistance. Hall (1934) used 15 inbreds 
rated as weak-, intermediate-, or strong-rooted, based on 
lodging data, in single-cross combinations. The data suggested, 
on the average, that more vertical force was required to remove 
a root system when one parent of the hybrid was rated as being 
strongly resistant to lodging. Hall believed that resistance 
to vertical pull, root clump weight, length of brace roots, and 
angle of brace roots could be used as indices of lodging. 
Researchers have explored other techniques to rapidly 
evaluate maize root systems. Thompson (1968) used a potato 
digger to extract root clumps from a sandy loam soil in order 
to easily examine the root systems. The correlation between a 
visual root size rating and root clump weight, for adapted and 
exotic hybrids, was a significant r = .92. The root size 
rating and root clump weight, measured on entries for three 
generation mean analyses, were negatively correlated with root 
lodging, r = -.59 and r = -.52, respectively. The fresh weight 
of roots from adapted hybrids reached a maximum, approximately 
one month after flowering. Zuber (1968) calculated correla­
tions between root pulling resistance of four single crosses 
and root volume and a visual classification for fibrous-rooting 
tendancy, to be r = .68 and r = .44, respectively. The average 
root strength had increased from 275 pounds on July 14 to 402 
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pounds one month later. For a diallel crossing scheme of 10 
inbred lines, the average correlation between root pulling 
resistance of an inbred and the mean of the nine single crosses 
in which the inbred was a parent, was r = .71. Nass and Zuber 
(1971) obtained root strength data for entries in simple gener­
ation mean analyses among four inbred lines. The same material 
was grown in sand culture in the greenhouse. Twenty-eight and 
35 days after planting, the roots were washed of sand, and root 
volume, root weight, and weight of nodal (crown) roots were 
measured. Correlations of these traits obtained in the green­
house with root pulling data obtained in two environments 
exceeded r = .67 in all instances. The study suggested that 
material with extensive root systems in the field at maturity 
could be identified in a seedling stage in the greenhouse. 
Entomologists have conducted the most thorough investiga­
tions of maize root systems. This research has been extremely 
labor intensive but has been required to develop the most 
efficient techniques to evaluate and rank varieties for root 
lodging resistance and rootworm feeding tolerance. Unlike 
earlier root studies, sufficient numbers of inbred lines, 
hybrids, and populations were examined; therefore, results 
could reliably be generalized and the knowledge applied to other 
breeding work. Hill and Mayo (1974) reported that a field of 
maize planted in mid-June attracted and aggregated corn root-
worm beetles (and their egg deposition) from adjacent fields 
planted earlier. In the same field the following year, blocks 
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of maize on ground not treated with soil insecticide had 6 4% 
more root lodging and a 26 bu/acre yield decrease compared 
with maize planted on soil treated with an insecticide. Use 
of this trap-crop technique has aided researchers by allowing 
more distinct differentiation between genotypes resistant to 
rootworm attack and those susceptible to rootworm damage and 
root lodging. 
Ortman et al. (1968) evaluated 132 southern inbred lines 
and failed to find a significant correlation between root 
angle and root strength or between the number of nodes (with 
roots penetrating the soil) and root strength. A highly sig­
nificant correlation, r = .64, existed between root strength 
and a visual rating of the size and symmetry of the root clump. 
They favored the root pulling technique as an efficient method 
to obtain data free of subjective bias. Owens et al. (1974) 
used 221 random inbred lines from BSSS to estimate entry mean 
heritabilities for and correlations among root lodging, root 
size, rootworm feeding damage, and secondary root development. 
A trap crop of late maize had been planted the previous year 
to encourage rootworm damage. Root size and secondary root 
development had heritabilities of 0.70 and 0.81,respectively. 
The phenotypic correlation between root size and root lodging 
was r = .35, and between root size and rootworm feeding damage, 
r = -.57. Due to the low heritability for feeding damage, the 
authors recommended that selection for larger root systems 
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would be effective in reducing rootworm feeding damage in 
BSSS. 
Obilana and Hallauer (1974) found significant genetic 
variability among 221 random inbred lines from BSSS for root 
size, secondary root growth, and root angle. Entry mean 
heritabilities were estimated to be 0.71, 0.81 and 0.77, 
respectively. A phenotypic correlation of r = .29 between 
yield and root angle rating suggested that lines with verti­
cal root systems tended to have yield superiority. No associ­
ation was discerned between yield and root size or secondary 
root development. The authors concluded that improvement in 
tolerance to rootworm feeding damage could be accomplished by 
selecting genotypes with large root systems and profuse 
secondary root growth. 
Rogers et al. (1976b) evaluated root traits of 64 un-
selected single crosses from BSSS on land planted to a trap 
crop the previous year. The trap-crop technique was effective 
in increasing root lodging three fold over lodging on soil-
insecticide-treated ground. For both treated and untreated 
plots, correlations between yield and root size were low (r = 
.26 and r = .23) and significant for 2 years of testing, which 
indicated a yield advantage of hybrids with larger root 
systems. Yield and root lodging were not phenotypically cor­
related both years. Rogers et al. (1976a, 1977) estimated pop­
ulation parameters among unselected S^ lines for root traits in 
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several maize synthetics. For BSSS entry mean heritabilities 
were estimated to be 0.2 9 and 0.54 for root lodging and root 
size, respectively. Phenotypic correlations between root 
lodging and root size were small but positive for BSSS, BSER, 
and BSl. Rogers (1975) reported that for BSl, entry mean 
heritability for root pulling resistance was estimated to be 
0.66. Root pulling resistance was also measured for BSl(CI) 
and BSSS(C2) (Rogers et al., 1976a, 1977). Genotypic variance 
(Og) among S^ lines was approximately three times larger than 
^2 genotype x location interaction variance (cTq^loc^ for BSl, 
^ 2  /\2 
and for BSSS was nearly six times greater than o^xLoc 
Entry mean heritabilities were estimated to be 0.59 and 0.4 7 
for BSl(Cl) and BSSS(C2), respectively. They recommended that 
to efficiently allocate resources for a S^ family improvement 
program to improve root strength, root pulling data should be 
collected from 3 to 5 plants per plot with 2 to 3 replications 
at two locations. In BSl the genotypic correlation between 
root strength and lodging was r = -.53. Rogers (1975) also 
determined an family selection program for improved 
root strength would effectively decrease root lodging but at 
a slower rate than if lodging was the primary trait of selec­
tion. 
Eiben (1967) examined root characteristics of 49 Corn 
Belt inbred lines. The ranking of the lines for rooting angle 
and number of root-bearing nodes was relatively constant 
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across locations, years, and sampling dates. The number of 
crown roots counted in mid-July correlated highly with the 
number counted in mid-August. Those inbreds with superior 
numbers of crown roots in mid-August also had outstanding root 
development in mid-June. The ranking of the lines for root 
pulling resistance did not change across years and locations 
of testing. For one year correlations between root strength 
and root size, root volume, and root dry weight were r = .65, 
.54, and .51, respectively; and root lodging was negatively 
correlated (r = -.31) with root strength. Lines susceptible 
to root lodging tended to have vertically oriented roots. 
Later-flowering inbred lines were found to have greater root 
strength and size compared with earlier lines. 
Penny (19 75) confirmed that the relative ranking of root 
pulling resistance among inbred lines remained consistent 
among environments and between stages of growth. Root 
strength was measured on 49 northern inbred lines during the 
boot and during the milk stages of development. The line by 
growth stage interaction mean square was much less than the 
mean square for variation among lines. To obtain reliable 
root strength data. Penny recommended that five plants per 
plot in 2 to 3 environments be sampled. In a later report 
Penny (1977) correlated the root pulling resistance of 33 
inbred lines with the root pulling resistance of their test-
crosses. Although differences in root strength among test-
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crosses were evident at the tassel stage, these differences 
became more apparent at the milk stage of development. Cor­
relations of root strength between inbred and testcross 
performance exceeded r = .69 at both stages of plant develop­
ment for both testers, W64A and Oh545. The data suggested 
that the relative root strength of single-cross hybrids was 
governed by the root strength of the parental inbred lines. 
Hayes and Johnson (1939) determined correlations between 
110 inbred lines and their topcross yields to 'Minn. 13' for 
12 inbred plant traits. Of the four highest correlations, 
three involved root traits. Root pulling resistance had a 
significant correlation (r = .449) with topcross yield. 
Craig (1968) used mass selection with the stratified 
plot or grid technique to select plants in each subplot with 
superior root pulling resistance. Two cycles of selection 
significantly improved root strength 34% in the 'Synthetic 
Oil'. Yield was not affected by selection. 
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MATERIALS AND METHODS 
Data were obtained from 98 unselected S^ lines from each 
of the BSSSCO, BSSS{R)C8, BSCBlCO, and BSCB1(R)C8 populations. 
The CO populations were representative of the original, un­
selected populations of BSSS and BSCBl. Both populations have 
been reproduced periodically by random mating 500 plant 
samples, to maintain seed viability (Hallauer, 1970). BSSS(R)-
C8 and BSCBl(R)C8 were the most advanced populations that had 
been developed from the cooperative-state-federal corn breed­
ing RRS program at the time this study was initiated. The 
lines had been produced in 1977 by self-pollinating SQ plants 
of each population. The 392 entries were evaluated at three 
Iowa locations (Ames Agronomy Research Center, Ames Hinds 
Farm, and Dayton DeKalb AgResearch Corn Research Station) in 
1978, 1979, and 1980. Standard agronomic cultural practices 
for maize production were used for the two locations near 
Ames. The three experiments at Dayton were planted in fields 
where a trap crop of mixed-maturity maize had been planted 
each previous year. It had been hoped that an increased 
infestation of corn rootworms would promote more root lodging 
than would naturally occur. 
The experimental design at each location was a randomized 
incomplete block design with two replications. This design 
was used to minimize effects of soil heterogeneity within 
blocks. Each replication within each of nine blocks or sets 
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contained 10 random lines from each of the four populations. 
In the 10th set only eight lines per population comprised a 
replication. Each entry in a replication was hand planted as 
a single row or plot with 25.4 cm between individual plants. 
Spacing between plots was 76 cm. Dates of planting and plot 
sizes for all experiments are given in Table 1. 
Yield, stand, root lodging, and number of ears per plant 
were measured on plots at Dayton; whereas data for root 
strength, pollen date, and silk date were collected from all 
plots at both Ames locations. Specific descriptions of the 
nine traits that were examined are as follows : 
1) grain yield (YIELD), dry grain harvested per plot 
and expressed as quintals per hectare (q/ha); 
2) stand (STAND), recorded as number of plants per 
plot; 
3) ears per plant (EARS), determined as the number of 
kernel-bearing ears per plot divided by stand; 
4) root lodging (LDG), number of leaning plants per 
plot expressed as a percentage of stand; 
5) pollen date (P), expressed as the number of 
days from planting until 50% of the plants in a 
plot were shedding pollen; 
6) silk date (S), expressed as the number of days 
from planting until 50% of the plants in a plot had 
extruded silks; 
7) pollen-silk interval (PSINT), calculated as the 
difference between the pollen and silk dates; 
8) 1st pull (PULLl), recorded in kilograms as the 
average force (mean of five consecutive plants per 
plot) required to extract a root system from the 
soil, and measured during the two weeks preceding 
anthesis; 
Table 1. Summary of agronomic data for three experiments conducted in 1978, 1979, 
and 1980 
Experiment Location Planting date Plot size Density 
number 
78029 Ames Hinds Farm May 6, 1978 457 cm X 76 cm 48 ,796 plants/ha 
78030 Ames Research Center May 1, 1978 508 cm X 76 cm 43 ,917 plants/ha 
79029 Ames Hinds Farm May 5, 1979 457 cm X 76 cm 48 ,796 plants/ha 
79030 Ames Research Center May 10 , 1979 508 cm X 76 cm 43 ,917 plants/ha 
80029 Ames Hinds Farm April 30, 1980 457 cm X 76 cm 48 ,796 plants/ha 
80030 Ames Research Center April 24, 1980 508 cm X 76 cm 43 ,917 plants/ha 
78031 Dayton May 18 , 1978 457 cm X 76 cm 48 ,796 plants/ha 
79031 Dayton May 23 , 1979 457 cm X 76 cm 48 ,796 plants/ha 
80031 Dayton May 27 , 1980 483 cm X 76 cm 46 ,228 plants/ha 
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9) 2nd pull (PULL2), recorded in kilograms as the 
average force (mean of five consecutive plants per 
plot) required to extract a root system from the 
soil, and measured from two to four weeks after 
anthesis. 
Due to the particular experimental design utilized, each 
set within an experiment was analyzed using a randomized 
complete block design. Analyses of variance were performed 
on each set (Table 2) using the following linear additive 
model: 
^ii = W + Ri + G. + e.j. 
where 
and 
i = 1,2; j = 1,2,...40; 
Yij = observed value for the jth genotype in the 
ith replication; 
H = overall mean; 
= effect of the ith replication; 
Gj = effect of the jth genotype; 
®ij ~ experimental error; and 
Gj ~ NID (0, Og) ; e^j ~ NID (0, cr^) . 
The yield and stand data obtained from Dayton were used 
in a covariance analysis to remove a bias from the observed 
yields due to variation in stands. Yields were adjusted by 
regression so that the adjusted yields would represent a value 
based on equivalent stands for all plots within a set (Steel 
and Torrie, 1960). Because of the nested experimental design, 
an analysis of covariance was performed on each set (Table 3). 
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Table 2. Analysis of variance for individual sets 
Source of 
variation 
dfS Sum of 
squares 
Expected 
mean squares 
Total r&-l 
Replications r-1 SS^ 
Lines &-1 SSz 
2 2 
0 + rCL 
Error (r-1)(&-1) SS3 a2 
^r,l = number of replications and lines, respectively. 
Table 3. Analysis of covariance for yield (Y) and stand (X) 
Source of 
variation df 
Sums of squares Sum of 
Yield (Y) Stand (X) products (YX) 
Total 
Replications 
Lines 
Error 
r&-l 
r-1 
£-1 
(r-1) (2-1) 
^Y 
L, 
•'YY 
E YY 
R XX 
XX 
E XX 
^X 
YX 
E YX 
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The regression coefficients for yield on stand (by^) were 
calculated from the sums of squares and cross products to be: 
J = 5^ 
where = error sum of products for X and Y; and 
^XX ~ error sum of squares for X. 
According to LeClerg et al. (1962) the regression 
coefficient for each of 30 sets was tested for significance. 
The sum of squares due to linear regression of yield on stand 
(SSp^g^) and the sum of squares due to deviations from linear 
regression (SS^g^) were calculated using the formulae: 
I E . . ) 2  
S^Dev ^YY " ^ ^Regr'' 
where Eyy = error sum of squares for Y. 
The analysis of variance for testing the significance of 
error regression is given in Table 4 as an F-test, F = 
If the F-test was significant (P = .05), the observed yields 
were adjusted to a common stand. The formula for adjustment 
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Table 4. Analysis of variance for testing the significance of 
the regression coefficient for each set 
Source of df Sum of Mean 
variation squares squares 
Total 39 Eyy 
Due to regression 1 ^^Regr ^1 
Deviations from regression 38 ^^Dev ^2 
of individual plot yields is as follows: 
Y = Y - byx(X - X), 
where Y = adjusted yield (q/ha); 
Y = observed yield (q/ha); 
X = stand; 
X = overall stand mean for the set; and 
by^ = regression coefficient of yield on stand. 
For those sets in which a yield adjustment was necessitated, 
analyses of variance were performed on the adjusted data. The 
degrees of freedom for Error and Total sources of variation 
were reduced by one to compensate for the regression coeffi­
cient. 
Missing plots existed in the root strength studies at 
Ames due to poor germination or cultivator injury. Root 
pulling resistance was not measured for plots where the plants 
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to be pulled lacked adequate competition. Missing plot values 
were calculated using the formula presented by Snedecor and 
Cochran (1967) for randomized complete blocks: 
„ _ aT + bB - S 
^ (a-1) (b-1) ' 
where a = number of lines; 
b = number of replications; 
T = sum of all entries of the missing entry; 
B = sum of entries in the replication of the missing 
entry; and 
S = sum of all entries in the set. 
If two or more missing plots existed in a set, then 
several iterations of each missing plot estimate were calcu­
lated. When consecutive iterations of a missing plot value 
differed by an amount equivalent to the precision of the root 
pulling scale, then the value of the last iteration was used. 
Missing plot values were incorporated in the original data 
sets, and then analyses of variance were performed. The 
degrees of freedom for the Total and Error sources of varia­
tion (Table 2) were reduced by one for every missing plot in 
a set. 
The analysis of variance, pooled over sets, for individ­
ual years at Dayton and for each environment or year-location 
combination at Ames was performed using the following linear 
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additive model: 
^ijk W + + R_j + + e^j^. 
where i = 1,2,...10; j = 1,2; and k = 1,2,...40; 
and Y... = observed value for the kth genotype in the 1]K 
jth replication within the ith set; 
U = overall mean; 
= effect of the ith set; 
R^j = effect of the jth replication within the 
ith set; 
= effect of the kth genotype within the ith set; 
e. = experimental error; and l^K 
Gj.^ ~ NID (0, a^) ; and 
e. ~ NID (0, a^) . 
X  J  K  
For each analysis the variation due to lines was parti­
tioned into the variation among lines from each of the four 
populations and into three orthogonal comparisons of the popu­
lations. The three orthogonal comparisons were: (1) between 
lines from BSSSCO and BSSS(R)C8; (2) between lines from 
<r 
BSCBICO and BSCB1(R)C8; and (3) between lines from BSSS (CO + 
C8) and BSCBl (CO + C8). The form of an analysis of variance 
for one experiment is presented in Table 5. 
Table 5. Analysis of variance, pooled over sets, for one experiment 
Mean Expectation of 
Source of variation df squares mean squares^ 
Total 783 
Sets (S) 9 
Replications/S 10 
dumber of replications was 2. 
2 . ^ 2  Lines/S 382 a + 2o^ 
2 2 
Among BSSSCO 88 M- a + 2a„ 
Among BSSS(R)C8 88 M, + 2a^ 
J ^2 
2 2 
Among BSCBICO 88 a + 20Q 
Among BSCB1(R)C8 88 + 20^ 
BSSSCO vs. C8 10 + 2K^ 
4 
6 " • ""C 
BSCBICO vs. C8 10 + 2K^ 
1 
7 " ' -"C, 
BSSS (CO + C8) vs. 10 Mj, 0^ + 2K^ 
BSCBl (CO + C8) 3 
2 
Experimental error 382 Mg a 
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The combined analysis of variance (Table 6) for Dayton 
was obtained using the following model: 
^ijk£ ^ + Sj + (YS)^j + + (YG)^j^ + 
where i = 1,2,3; j = 1,2,...10; k = 1,2; and & = 1,2,...40; 
and ^ijk^. ~ observed value for the ilth genotype in the 
kth replication within the jth set in the 
ith year; 
y = overall mean; 
= effect of the ith year; 
Sj = effect of the jth set; 
(YS)^j = effect of the interaction between the ith 
year and the jth set; 
R . =  e f f e c t  o f  t h e  k t h  r e p l i c a t i o n  w i t h i n  t h e  
1 J K  
jth set in the ith year; 
= effect of the &th genotype within the jth 
set; 
(YG)^j^ = effect of the interaction between the ith 
year and the Ath genotype within the jth 
set; 
®ijkJl ~ experimental error; and 
Y^ NID (0, Oy) ; 
G.^ ~ NID (0, Og); 
Table 6. Analysis of variance pooled over sets and combined over years at Dayton 
Mean Expectation of 
Source of variation df squares mean squares^ 
Total 2351 
Years (Y) 2 
Sets (S) 9 
Y X S 18 
Reps/Y/S 30 2 . ^ 2  .  ^  2  Lines/S 382 a + 2o^^ + 
Among BSSSCO 88 M„ + 2aJ ^ + 6aJ 2 G^Y 
Among BSSS(R)C8 88 + 2a? ^  + 6a? 
^ 2 2 
Among BSCBICO 88 a + 20^ y + 60g 
Among BSCB1(R)C8 88 + 2aJ „ + 6a? 
^ ^4 ^4 
BSSSCO vs. C8 10 Mc + 2AJ „ + 6kJ 6 C^Y 
BSCBICO VS. C8 10 0^ + 2o^ „ + 6K^ 
' ^2 2 
BSSS (CO + C8) vs. 10 M„ + 2a^ + 6K^ 
BSCBl (CO + C8) 3 3 
Years x lines/S 764 Mg + 2a^y 
Y X BSSSCO 176 + 2a^ ^  
Y X BSSS(R)C8 176 + 20g ^  
Y X BSCBICO 176 + 20g y 
Y X BSCB1(R)C8 176 M,, + 2aJ „ 1j G^Y 
Y X BSSSCO VS. C8 20 0^ + 2K^ ^  
Y X BSCBICO VS. C8 20 + 2K^ ^  
Y X BSSS vs. BSCBl 20 + 2K^ ^  
2 Experimental error 1146 a 
dumber of replications was 2 and number of years was 3. 
46 
(YG)^_ ~ NID (0, ; and 
2 ,  
GijkA ~ NID (0, a ) 
The combined analysis of variance (Table 7) for Ames was 
obtained using the following model: 
^ijkJl ^ + Sj + (ES) + (EG) 
where i = 1,2,...6? j = 1,2,...10; k = 1,2; and 
£ = 1,2,...40: 
and ^ijkil ~ observed value for the &th genotype in the 
kth replication within the jth set in the 
ith environment; 
y = overall mean; 
= effect of the ith environment; 
Sj = effect of the jth set; 
(ES)^j = effect of the interaction between the ith 
environment and the jth set; 
= effect of the kth replication within the 
jth set in the ith environment; 
= effect of the Jith genotype within the jth 
set; 
(EG)^j^ = effect of the interaction between the ith 
environment and the &th genotype within the 
jth set; 
®ijk£ ~ experimental error; and 
Table 7. Analysis of variance pooled over 
(years and locations) for Ames 
Source of variation df 
Total 4703 
Environments (E) 5 
Sets (S) 9 
E X S 45 
Reps/E/S 60 
Lines/S 382 
Among BSSSCO 88 
Among BSSS(R)C8 88 
Among BSCBICO 88 
Among BSCB1(R)C8 88 
BSSSCO vs. C8 10 
BSCBICO vs. C8 10 
BSSS (CO + C8) vs. 10 
BSCBl (CO + C8) 
sets and combined over environments 
Expectation of 
mean squares^ 
Mean 
squares 
0^ + 2ol^ + 12al 
M, 
M. 
M, 
Mr 
M, 
M. 
Mr 
2 2 2 
+ 2ap „ + 12od G^E 
2 2 2 
+ 2o^ „ + 12o; 
G2E Gg 
2 2 2 
+ 20r r + 12a^ 
G3E G3 
2 2 2 
+ Z'CzE + IZKC; 
2 2 Environments x lines/S 1910 a + 2a^„ y jjiL 
E X BSSSCO 440 + 2al „ 
1 
E X BSSS(R)C8 440 + 20^ ^ 
E X BSCBICO 440 M,. + 2aJ „ 
3 
E X BSCB1(R)C8 440 + 2aJ „ 13 G^E 
E X BSSSCO vs. C8 50 M,. + 2aJ „ 
E X BSCBICO vs. C8 50 + 2a^ ^  
E X BSSS vs. BSCBl 50 + 2aJ „ 
^ V Lf ^  Jù 
2 Experimental error 2292 a 
^Number of replications was 2 and number of environments was 6. 
~ NID (0, Cg); 
~ NID (0, Jg); 
(EG)ij£ ~ NID (0, cr^g) ; and 
®ijk£ ~ ^ )' 
In the analyses of variance for individual experiments 
(Table 5), the Lines source of variation and its components 
were tested for significance against the experimental error. 
For the combined analyses of variation (Tables 6 and 7), the 
Lines source of variation and its components were tested 
against the corresponding Environment x lines and Environment 
X component mean squares. The Environment x lines sources of 
variation were tested for significance against the experimental 
error. 
Variance components for each of the four populations were 
estimated after equating mean squares of pertinent sources of 
variation to their expectations of mean squares. Estimates of 
components of variance were obtained as linear functions of 
mean squares. For analyses of individual experiments (Table 
5), the variance components were estimated as follows: 
50 
= p (M^ - Mg); and 
= Î <«5 - "9>' 
where r = number of replications (2). 
The combined analyses of variance (Tables 6 and 7), the 
variance components were estimated as follows; 
= è '"2 - "lO>' 
"GJ - è '"3 - "il'' 
"G3 =• è «4 - "12'' 
"G^ = è «5 - "13' ' 
"GJ^E r '"10 " "17' 
"GjE = I '"11 - "17'-• 
"GjE = i <"12 - "17' '• ana 
°G^E r '"l3 "17' ' 
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where e = number of environments (6) at Ames or number of 
years (3) at Dayton; and 
r = number of replications (2). 
Standard errors (S.E.) of the variance component esti­
mates were obtained using the following formula presented by 
Anderson and Bancroft (1952) : 
S.E. (o\) = 
k dfk+2 
where M, = 
df. 
c = 
kth mean square; 
degrees of freedom for the kth mean square; 
and 
coefficients preceding the variance component 
estimate in the expectation of mean squares. 
As an example, the variance of (Table 7) would be calcu-
3 
lated according to Mode and Robinson (1959) as; 
Var (a„ ) = Var 
"3 Î5 '"4 - "12' 
(re) 
Y [Var(M^) + VarCM^g) ] 
(re) 
2 Ml 2 M 12 
df M + 2 
12 
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"2 The standard error of 0_ would be the square root of the 
variance of . 
3 
Estimates of heritability, based on entry means, were 
calculated from variance component estimates. Heritability 
values for individual experiments and combined experiments 
were calculated according to the following formulae, respec­
tively: 
2 °G h = —= ; and 
. 
h = 
Û 4 
2 
where = genotypic variance for a population; 
2 
= genotype by environment interaction variance; 
2 0 = experimental error; 
r = number of replications; and 
e = number of environments at Ames or the number 
of years at Dayton; 
The numerator equalled the genotypic variance and the 
denominator equalled the phenotypic variance. 
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Estimates of phenotypic and genotypic correlations were 
obtained to examine further the relationship between traits 
of unselected and selected populations. Analyses of covar­
iance were performed on traits measured at Ames and on traits 
measured at Dayton. Because the analysis of variance is a 
specialized analysis of covariance, the form of the analysis 
of covariance (i.e., sources of variation, degrees of freedom, 
sums of cross products, mean cross products, and expectations 
of mean cross products) is analogous to that of an analysis of 
variance (Tables 5, 6, or 7). A combined cross products 
analysis for Dayton is presented in Table 8. Estimates of 
components of covariance were obtained as linear functions of 
mean cross products (Mode and Robinson, 1959). 
Phenotypic correlations between all pairs of traits, i 
and j, were determined for each experiment and combined experi­
ments with this formula: 
r 
"ij (o^ • • 
i j 
where _ = phenotypic covariance between traits i and 
j 
j ; and 
2 2 
a and a = phenotypic variances of traits i and j, 
respectively. 
Table 8. Analysis of covariance, pooled over sets and combined over years, for 
traits i and j 
Source of variation 
Mean cross 
products 
Expectation of mean 
cross products^ 
Total 
Years (Y) 
Sets (S) 
Y X S 
Reps/Y/S 
Li ne s/S M, 
^ij + ^^LY.LY. + 
1 ] 1 ] 
Among BSSSCO 
Among BSSS(R)C8 
Among BSCBICO 
Among BSCB1(R)C8 
M, 
M. 
M, 
M, 
"ij "gy„gy,, + ry°G,.G 
3i"3j 3i^3j 
+ ra^„ + rya 1] GY^.GY,. 
BSSSCO vs. C8 
BSCBICO vs. ce 
BSSS (CO + C8) vs. 
BSCBl (CO + C8) 
Y X lines/S 
Y X BSSSCO 
Y X BSSS(R)C8 
Y X BSCBICO 
Y X BSCB1(R)C8 
Y X BSSSCO vs. C8 
Y X BSCBICO vs. C8 
Y X BSSS vs. BSCBl 
Experimental error 
and y are the replications 
M, 
°ij ^^LY.LY. 
1 ] 
M-
M, 
M, 
^ij ^GYg^GYgj 
M 10 ij ^GY^^GY^j 
M 11 °ij 
and years, respectively. 
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Genotypic correlations between all pairs of traits, i and j, 
were determined for each experiment and combined experiments 
using the following formula from Mode and Robinson (1959): 
^G.G. 
1 J 
1 J 
where '^g G ~ genotypic covariance between traits i and j ; 
i j 
and 
2 2 Og and Og = genotypic variances of traits i and j, 
i j 
respectively. 
Since environmental effects were considered random, the 
environmental effects of Ames and Dayton can be considered to 
be uncorrelated. Covariances between genotypes at Ames and 
environmental effects at Dayton (and vice versa) would be 
expected to be zero. So, covariances between phenotypes at 
Ames and phenotypes at Dayton are actually genotypic covar­
iances. This is shown algebraically as: 
COV(PA ,  P^) = Cov(Ga + E^, GP + E^) 
= Cov(G^, Gp) + Cov(G^, E^) + Cov(E^, G^) 
+ Cov(E^, E^) 
= Cov(G^, Gg), 
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where Cov(P^, P^) = covariance between a phenotype at 
Ames and a phenotype at Dayton; 
and = genotypic effects at Ames and Dayton, 
respectively; and 
and = environmental effects at Ames and 
Dayton, respectively. 
Genotypic correlations between traits measured at Ames and 
traits measured at Dayton can be estimated by the following; 
= r 
% 
(c 172 G, D 
VD 
^A ^D 
VD 
iol . a| )V2 
A D 
1/2 
a. 
G, 
= r_ 
h. 
1/2 
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where r^ = genotypic correlation; 
r^ = phenotypic correlation; 
2 2 
a g and = genotypic variance of traits measured at Ames 
and Dayton, respectively; 
2 2 Qp and Qp = phenotypic variance of traits measured at Ames 
A D 
and Dayton, respectively; 
Op p and o = phenotypic and genotypic covariance between 
AD AD 
traits measured at Ames and Dayton; 
2 2 
and h^ = heritability estimates for traits measured at 
Ames and Dayton, respectively. 
Phenotypic correlations among traits measured at Ames and 
Dayton were calculated using entry means from combined experi­
ments . 
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RESULTS 
Variation among the unselected S^^ lines of BSSSCO, 
BSSS(R)C8, BSCBICO, and BSCB1(R)C8 and their interactions with 
environments were highly significant (P < 0.01) for all traits 
(Tables 9 and 10). Analyses of individual experiments, there­
fore, were conducted to determine the variability of per­
formance of lines for the environments that were sampled. 
Variation among lines was partitioned into the variation due 
to each of the four populations and into three orthogonal com­
parisons (used to determine if differences existed between 
lines from CO and C8 of BSSS, between lines from CO and CB of 
BSCBl, and between lines from BSSS and BSCBl). All orthogonal 
comparisons between populations for date of 50% pollen shed 
(P) and date of 50% silk emergence (S) were highly significant 
in the combined analyses (Table 9) and in analyses of indi­
vidual experiments (Tables 11 and 12). Reciprocal recurrent 
selection has significantly altered the time of flowering of 
BSSS and BSCBl. Variation between CO and C8 of BSSS for pol­
len-to-silk interval (PSINT) was significant (P < 0,05) in all 
experiments (Table 13) and was highly significant in the com­
bined analysis (Table 9). Comparisons between CO and C8 of 
BSCBl for PSINT were highly significant in the combined 
analysis but were significant in only four of six experiments. 
Based on combined analyses for P, S, and PSINT, highly sig­
nificant environment x orthogonal comparison interactions 
Table 9. Analyses of variances, standard errors, means, and coefficients of variation (C.V.) for 
traits measured at Ames in 1978, 1979, and 1980 
Source of Mean squares 
variation df^ S PSINT PULLl PULL2 
Environments (E) 5 11213. 29** 12748. 85** 605. 19** 399928. 16** 802434. 86** 
Sets (S) 9 34. 09 27. 36 17. 71 4618. 84 7082. 23 
E X S 45 36. 25** 43. 53** 9. 60** 6646. 40** 8921. 03** 
Replications/E/S 60 14. 45** 15. 57** 3. 33 1309. 34** 1958. 21** 
Lines/S 382 81. 64** 123. 27** 23. 41** 2605. 48** 5841. 00** 
BSSSCO/S 88 59. ,85** 109. 24** 23. 38** 1771. 13** 4377. 63** 
BSSS(R)C8/S 88 19. ,00** 45. 32** 14. 27** 942. ,81** 4001. 00** 
BSCBICO/S 88 41. ,56** 70. 71** 23. 38** 3116. ,78** 8346. 61** 
BSCB1(R)C8/S 88 17, .98** 54. 67** 29. 78** 1053, .89** 2503. 32** 
BSSSCO vs. C8/S 10 215, .04** 450. 89** 62. 52** 1652, .16 4899. ,59** 
BSCBICO vs. 08/S 10 315 .12** 352. 27** 17. ,74** 9595 .06** 5986. ,65* 
BSSS vs. BSCBl/S 10 1370 .43** 1442. 20** 14. ,86** 27697, .68** 43028, ,62** 
E X Lines/S 1910 3, .71** 5. 86** 3. ,37** 447 .87** 852, .80** 
(1909) (1909) (1905) (1902) 
E X BSSSCO/S 440 3 .62** 6. 33** 4. ,01** 392 .89** 845, .86** 
(439) (439) (438) (434) 
E X BSSS(R)C8/S 440 2 .92 5. 65** 3. 57** 356 .20 890 .61** 
(439) (438) 
E X BSCBICO/S 440 2.49 4.41 3.12** 511.18** 770.15** 
(439) 
E X BSCB1(R)C8/S 440 2.86 4.18 2.55 231.27 632.74 
(439) 
E X BSSS CO C8/S 50 9.19** 11.23** 3.58* 1450.15** 879.62** 
E X BSCBl CO vs. C8/S 50 8.58** 9.48** 4.00** 1239.37** 1947.11** 
E X BSSS vs. BSCBl/S 50 16.98** 22.03** 4.72** 1286,51** 2124.44** 
Experimental error 2292 3.02 4.54 2.63 327.67 575.31 
(2287) (2283) (2282) (2247) (2194) 
Standard error 1.74 2.13 1.62 18.10 23.99 
Mean 80.39 83.15 2.76 116.58 157.39 
C.V. (%) 2.2 2.6 58.7 15.5 15.2 
^Adjusted degrees of freedom accompany their respective mean squares. 
^P, S, PSINT, PULLl, and PULL2 are days-to-50% pollen shed, days-to^50% silk, pollen-silk inter­
val, pre-anthesis root pulling resistance (kg), and post-anthesis root pulling resistance (kg), 
respectively. This notation is used in subsequent tables. 
* ** 
» , significant at 5% and 1% probability levels, respectively. 
Table 10. Analyses of variance, standard errors, means, and coefficients of 
variation (C.V.) for traits measured at Dayton in 1978, 1979, and 1980 
Mean squares 
Source of variation df^ LDG^ YIELD EARS 
Years (Y) 2 168100.45** 49744.69** 1.632** 
Sets (S) 9 7984.25** 706.47 .158 
Y X S 18 2088.24* 499.31** .298** 
Replications/y/S 30 967.96** 69.10* .073** 
Lines/S 382 2895,27** 363.91** .240** 
BSSSCO/S 88 678.06** 327.91** .158** 
BSSS(R)C8/S 88 1108.54** 350.59** .136** 
BSCBICO/S 88 1692.38** 339.57** .178** 
BSCB1(R)C8/S 80 2141.92** 222.54** .186** 
BSSSCO vs. C8/S 10 8254.13** 2002.85** .883** 
BSCBICO vs. C8/S 10 9060.28** 171.85 1.336** 
BSSS vs. BSCBl/S 10 43820.77** 809.39 1.173** 
Y X Lines/S 
Y X BSSSCO/S 
Y X BSSS(R)C8/S 
Y X BSCBICO/S 
Y X BSCB1(R)C8/S 
Y X BSSSCO vs. C8/S 
Y X BSCBICO VS. C8/S 
Y X BSSS vs. BSCBl/S 
Experimental error 
Standard error 
Mean 
C.V. (%) 
764 
176 
176 
176 
176 
20 
20 
20 
1146 
425.23** 
193.13 
322.38* 
445.69** 
415.76** 
871.75** 
1064.49** 
2190.08** 
263.61 
16.24 
34.64 
46.9 
78.60** 
63.89** 
99.15** 
70.77** 
37.69 
231.71** 
245.98** 
135.92** 
44.09 
(1145) 
6.64 
28.58 
23.2 
.047** 
.031 
.050** 
.033 
.039* 
.085** 
.200** 
.154** 
.032 
(1145) 
.179 
.928 
19.3 
Adjusted degrees of freedom accompany their respective mean squares. 
^LDG, YIELD, and EARS are root lodging (%), yield (q/ha), and number of ears/ 
plant, respectively. This notation is used in subsequent tables. 
* * * 
, , Significant at 5% and 1% probability levels, respectively. 
Table 11. Analyses of variance, means, and coefficients of variation (C.V.) for days-to-50% pollen 
shed for six experiments conducted at Ames in 1978, 1979, and 1980 
Source of Mean squares 
df^ 78029 78030 79029 79030 80029 80030 
Sets (S) 9 34. 21 21. 70 15. 21 84, .22** 21, .98 38. 02 
Reps/S 10 11. ,41** 4. 96* 19. 35** 9 .98** 23 .29** 17. ,68** 
Lines/S 382 11. ,71** 13. 39** 15. 59** 15 .44** 20 .50** 23, .87** 
BSSSCO/S 88 7. 8** 12. 70** 10. 55** 12 .89** 17 .01** 17, ,02** 
BSSS(R)C8/S 88 5. ,42** 3. 07** 6. 10** 4 .64** 8 .09** 6, 28** 
BSCBICO/S 88 6. ,19** 9. 42** 11. 78** 7 .70** 12 .16** 8. 16** 
BSCB1(R)C8/S 88 4. 60** 3. 37* 4. 36 5 .59** 5 .75* 8, .62** 
BSSSCO vs. C8/S 10 27, .93** 55. 80** 27. 72** 47 .67** 61 .45** 40, .45** 
BSCBICO C8/S 10 64, .41** 37. 85** 76. 68** 53 .96** 28 .37** 96. ,72** 
BSSS vs. BSCBl/S 10 143, .67** 166. 35** 202. 53** 205 .73** 314 .93** 422, .09** 
Experimental error 382 2, .85 2. 34 3. 93 2 .03 4 .10 2, .85 
(381) (381) (381) (380) 
Mean 74, .22 81. 31 81. 09 80 .75 79 .06 85 .88 
C.V. (%) 2, .3 1. 9 2. ,4 1 .8 2 .6 2 .0 
^Adjusted degrees of freedom accompany their respective mean squares. 
*»**»Significant at 5% and 1% probability levels, respectively. 
Table 12. Analyses of variance, means, and coefficients of variation (C.V.) for days-to-50% silk for 
six experiments conducted at Ames in 1978, 1979, and 1980 
Mean squares 
Source of variation df^ 78029 78030 79029 79030 80029 80030 
Sets (S) 9 31. 17 24. 90 33. 75 110. 15** 18. 60 26. ,47 
Reps/S 10 10. 89** 4. 73 22. 02** 10. 35** 29. 11** 16. 30** 
Lines/S 382 19. 95** 23. 78** 20. 41** 23. 15** 32. 62** 32. ,70** 
BSSSCO/S 88 22. 53** 25. 11** 19. 12** 18. 49** 27. 47** 28. 38** 
(87) 
BSSS(R)C8/S 88 9. 97** 11. 12** 11. 88** 10. 28** 16. 91** 13. ,42** 
BSCBICO/S 88 9. 71** 13. 55** 12. 35** 11. 60** 22. 57** 22. ,96** 
BSCB1(R)C8/S 88 11. 64** 12. 25** 10. 18** 16. 25** 12. 31** 12. ,92** 
BSSSCO vs. C8/S 10 52. 50** 112. 90** 48. 15** 87. 74** 132. 13** 73. ,88** 
BSCBICO vs. C8/S 10 90. 40** 45. 70** 63. 36** 81. 02** 43. 41** 75, .78** 
BSSS vs. BSCBl/S 10 145. 44** 203. 99** 196. 87** 217. 27** 372. 47** 416, .09** 
Experimental error 382 4. 15 3. 36 5. 20 2. 51 7. 46 4, .60 
(379) (381) (377) 
Mean 76. 69 84. 15 82. 94 82. 63 83. 11 89 .33 
C.V. (%) 2. 7 2. 2 2. 7 1. 9 3. 3 2, .4 
Adjusted degrees of freedom accompany their respective mean squares. 
* ** 
, , Significant at 5% and 1% probability levels, respectively. 
Table 13. Analyses of variance, means, and coefficients of variation (C.V.) for pollen-silk interval 
for six experiments conducted at Ames in 1978, 1979, and 1980 
Mean squares 
Source of variation df a 78029 78030 79029 79030 80029 80030 
Sets (S) 9 9.29 8.16 8.29 9.71 24.33 5.93 
Reps/S 10 1.83 3.54 1.29 1.75 9.06** 2.48 
Lines/S 382 6.41** 7.75** 5.05** 5.11** 7.88** 8.07** 
(381) 
BSSSCO/S 88 9.53** 7.95** 4.92** 4.26** 8.30** 8.51** 
(87) 
BSSS(R)/S 88 3.63* 6.38** 5.07** 3.65** 6.97** 6.39** 
BSCBICO/S 88 4.78** 6.09** 4.84** 3.88** 8.13** 11.25** 
BSCB1(R)C8/S 88 6.69** 9.76** 5.43** 7.40** 6.45** 6.78** 
BSSSCO vs. CB/S 10 12.04** 17.44** 6.00* 13.55** 22.54** 8.87** 
BSCBICO vs. C8/S 10 5.96* 5.16 4.77* 9.07** 9.06** 3.70 
BSSS vs. BSCBl/S 10 9.98** 8.03** 4.04 3.75 6.70** 5.95* 
Experimental error 382 2.78 2.83 2.58 1.67 3.17 2.73 
(379) (381) (381) (377) 
Mean 2.47 2.84 1.85 1.88 4.06 3.45 
C.V. (%) 67.5 59.2 86.8 68.7 43.8 47.9 
^Adjusted degrees of freedom accompany their respective mean squares. 
* ** 
, Significant at 5% and 1% probability levels, respectively. 
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were determined. Differences between the populations under 
comparison, therefore, varied among the six experiments. 
Reciprocal recurrent selection has effectively converged 
the time of flowering of BSSS and BSCBl because BSSS(R)C^ 
flowered earlier and BSCBl(R)C^ flowered later (Hallauer, 
1971; Eberhart et al., 1973; Grady, 1980; and Martin and 
Hallauer, 1980). For all environments in which P was measured, 
BSSS(R)C8 shed pollen earlier than CO (Table 14). Differences 
in P between the two BSSS populations ranged from 0.9 days in 
1978 to 2.1 days in 1980, both at Hinds farm. The combined 
analysis revealed that RRS has decreased P in S^ lines of 
BSSS, 1.59 days on the average (Table 15). Selection has in­
creased P in BSCBl, and in all environments, this increase was 
evident. Lines from BSCBl(R)C8 shed pollen 2.15 days later 
than lines from CO, and this increase ranged from 1.72 days 
in 1978 to 2.65 days in 1980, both at the Agronomy Research 
Center. Combined data have shown that BSSSCO shed pollen 5.26 
days later than BSCBlCO, but after eight cycles of selection, 
this interval was reduced to only 1.52 days. 
Differences among the populations for time of silking, 
approximated the trends observed for P. Across all environ­
ments, BSSS(R)C8 silked 2.53 days earlier than CO, and 
BSCBl(R)C8 silked 2.29 days later than its respective CO (Table 
15). For BSSS the change in S ranged from 1.82 days in 1979 
to 3.82 days in 1980, both at the Hinds farm (Table 14). The 
Table 14. Population means for all traits measured in experiments conducted at Ames 
in 1978, 1979, and 1980 
Trait 
Experiment Population P S PSINT PULLl PULL2 
days kg 
78029 BSSSCO 75.99 78. 88 2.89 148.40 184.67 
BSSS (R)C8 75.09 76. 97 1.89 143.18 185.99 
BSCBICO 71.77 74.05 2.28 136.48 155.50 
BSCB1(R)C8 74.04 76.86 2.82 116.61 164.39 
78030 BSSSCO 83.77 87.28 3.51 157.02 178.85 
BSSS(R)C8 81.71 84.14 2.43 165.80 191.55 
BSCBICO 79.02 81.62 2.61 143.64 151.39 
BSCB1(R)C8 80.74 83.57 2.82 140.42 173.77 
79029 BSSSCO 83.26 85.39 2.13 111.80 190.80 
BSSS(R)C8 82.08 83.57 1.49 111.15 197.82 
BSCBICO 78.20 80.22 2.02 105.27 169.70 
BSCB1(R)C8 80.83 82.59 1.76 88.00 176.71 
79030 BSSSCO 83.18 85.56 2.38 104.12 186.56 
BSSS (R)C8 81.43 82.86 1.42 105.06 191.58 
BSCBICO 78.15 79.73 1.59 95.75 166.93 
BSCB1(R)C8 80.26 82.39 2.13 87.75 181.08 
80029 BSSSCO 82.09 86.90 4.88 102.00 116.11 
BSSS(R)C8 79.99 83.62 3.63 101.64 124.89 
BSCBICO 76.35 80.12 3.78 95.27 109.47 
BSCBl(R)C8 77.82 81.80 3.97 83.46 109.85 
80030 BSSSCO 88.97 92.74 3.77 122.73 123.93 
BSSS(R)C8 87. 40 90.44 3.04 117.01 127.67 
BSCBICO 82.26 85.94 3.68 115.28 112.63 
BSCBl(R)C8 84.91 88.22 3.31 100.61 107.45 
Table 15. Population means, estimates of variance components, and estimates of 
heritability for traits measured in experiments conducted at Ames and 
Dayton in 1978, 1979, and 1980 
a. ^2 ^2 2 Trait Population Mean h 
PSINT 
PULLl 
PULL2 
LDG 
BSSSCO 82. 88 4. 69 + 0. 74 30 + 13 .94 
BSSS(R)C8 81. 29 1. 34 + 0. 24 - .  05 + 11 .85 
BSCBICO 77. 62 3. 26 + 0. 52 27 + 09 .94 
BSCBl(R)C8 79. 77 1. 26 + 0. 22 - .  08 + 
• 
11 .84 
BSSSCO 86. ,13 8. 58 + 1. 36 89 + 22 .94 
BSSS (R)C8 83. ,60 3. 31 + 0. 56 ,55 + ,20 .88 
BSCBICO 80. ,28 5. 53 + 0. 88 — .  ,07 + ,16 .94 
BSCBl(R)C8 82. ,57 4. 21 + 0. ,68 — .  ,18 + ,16 .92 
BSSSCO 3. ,25 1. 61 + 0. 29 .69 + ,14 .83 
BSSS(R)C8 2. ,32 89 + 0. ,18 ,47 + ,13 .75 
BSCBICO 2. ,66 l! ,69 + 0. 29 .24 + .11 .87 
BSCBl(R)C8 2. 80 2. ,27 + 0. ,37 - ,  .04 + .09 .91 
BSSSCO 124. 23 114. ,85 + 22. 11 32. 61 + 14. 12 .78 
BSSS (R)C8 124. .01 48. 88 + 11, .88 14. 26 + 12. 95 .62 
BSCBICO 115, .24 217. 13 + 38. 82 91. 75 + 17. .89 .84 
BSCBl(R)C8 102, .86 68. 55 + 13, .16 -48. 20 + 9, .19 .78 
BSSSCO 163, .29 294. ,31 + 54. 59 135. .27 + 29. 93 .81 
BSSS(R)C8 169, .78 259. ,20 + 49, .95 157, .65 + 31 .25 .78 
BSCBICO 144, .27 631. 37 + 103. 78 97, .42 + 27, .32 .91 
BSCBl(R)C8 152 .21 155, .88 + 31, .30 28, .71 + 22 .98 .75 
BSSSCO 13 .35 80. .82 ± 17, .19 -35. 24 + 11 .62 .72 
BSSS {R)C8 29 .12 131, .03 + 28 .12 29 .38 + 17 .95 .71 
BSCBICO 55 .40 207, .78 + 42 .78 91 .04 + 24 .25 .74 
BSCBl(R)C8 40, .70 287 .69 + 53 .72 76 .07 + 22 .71 .81 
YIELD BSSSCO 23.36 44.00 + 8.22 9.90 + 3.51 .81 
BSSS(R)C8 31.17 41.91 + 8.88 27.53 + 5.33 .72 
BSCBICO 29.17 44.80 + 8.53 13.34 + 3.86 . 79 
BSCB1(R)C8 30.64 30.81 + 5.57 
-3.20 + 2.20 .83 
EARS BSSSCO .784 .0210 + .0040 
-.0006 + .0018 . 80 
BSSS (R)C8 .946 .0143 + .0035 .0091 + .0027 .63 
BSCBICO .891 . 0241 + .0045 .0008 + .0019 .81 
BSCB1(R)C8 1. 090 .0244 + . 0047 .0038 + .0022 .79 
P/ s, and PSINT in days; PULLl and PULL2 in kg; LDG in percent; and YIELD in 
q/ha. 
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increase in S from CO to C8 of BSCBl ranged from 1,68 days in 
1980 to 2.81 days in 1978, both at the Hinds farm. A 5.85 day 
difference in S separated the initial cycles of BSSS and 
BSCBl, but by the eighth cycle of RRS, differences among S^^ 
lines had been reduced to 1.03 days. 
Changes in PSINT were similar to the changes in P and S 
for BSSS and BSCBl. In all environments BSSS{R)C8 displayed 
a shorter PSINT than did BSSSCO, and this interval decreased 
from 3.25 days for CO to 2.32 days for C8 (Table 15). Changes 
in PSINT between the BSSS populations varied from 0.64 days in 
1979 to 1.25 days in 1980, both at the Hinds farm (Table 14). 
In four of six environments, BSCBl{R)C8 displayed a longer 
PSINT than the CO, but based on combined data, selection has 
apparently increased PSINT in BSCBl only 0.14 days. 
One of the principal objectives of this study was to 
examine changes in genotypic variability in the two popula­
tions undergoing selection. Highly significant differences 
among S^ lines from each of the four populations were found 
for P, S, and PSINT, as determined from their respective com­
bined analyses (Table 9). The environment x line interactions 
were significant for P, S, and PSINT for BSSSCO and were sig­
nificant among lines from BSSS(R)C8 for S and PSINT. The 
interaction was significant in BSCBlCO only for PSINT. Based 
on combined data, all genotypic variances (Og) for P, S, and 
PSINT were significant (Table 15). A genotypic variance was 
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considered to be significant if it exceeded twice its standard 
error. Likewise, two genotypic variances were said to differ 
significantly if ranges of both estimates, as determined by 
either plus or minus two standard errors, failed to overlap. 
In general, analyses of individual experiments (Tables 11 to 
13) showed significant or highly significant differences among 
lines from each of the four populations for P, S, and PSINT. 
Genotypic variances of both advanced populations for P were 
significantly lower than their respective initial cycles 
(Table 15). Genotypic variances, o^, calculated from indi­
vidual experiments decreased for P (Table 16), but all esti-
2 
mates of from individual environments may be biased by 
^2 genotype x environment interaction variances. For BSSS, 
of C8 was significantly less than that estimated for CO in 
^2 five of six environments. Significance of for BSCB1(R)C8 
varied across environments, but consistently significant 
2 differences between estimates of from CO and C8 were not 
observed. The genotype x environment interaction variance 
(Ogg) was significant only for BSSSCO; however, was 15 
times greater in magnitude than a^„. CjCJ 
Significant genotypic variability was present in all 
populations for S. Although variability for S has diminished 
in both advanced populations, this decline was significant 
only for BSSS (Table 15). Genotype x environment interaction 
variances were significant only for BSSS populations, but 
Table 16. Estimated genotypic variances (o_) for all traits measured in experiments 
conducted at Ames in 1978, 1979, and 1980 
Trait 
Experiment Population P S PSINT PULLl PULL2 
78029 BSSSCO 2. 47± .59 9. 19±1. 69 3. 37±. 72 227. 76± 71. 49 676. 45±171. 75 
BSSS (R)C8 1. 28+ .42 2. 91± . 76 42 + . 29 68. 96± 48. 86 866. 43±197. 89 
BSCBICO 1. 67 + .47 2. 78+ . 74 1. 00 + . 37 467. 84±106. 56 990. 621215. 09 
BSCB1(R)C8 
• 
87± .36 3. 74+ . 88 1. 95±. 51 14. 87± 41. 42 230. 62+104. 58 
78030 BSSSCO 5. 18 + .95 10. 87±1. 88 2. 56±. 60 218. 23+ 62. 89 556. 86±124. 44 
BSSS(R)C8 36± .24 3. 88± . 84 1. 77±. 49 130. 52± 49. 56 453. 28±108. 45 
BSCBICO 3. 54± .71 5. 09±1. 02 1. 63±. 47 712. 11±135. 74 1119. 48±206. 33 
BSCB1(R)C8 
• 
51± .27 4. 44± . 92 3. 46±. 73 91. 84± 44. 05 237. 01+ 76. 38 
79029 BSSSCO 3. 31± .80 6. 96 + 1. 44 1. 17±. 38 22. 48± 30. 95 467. 21+149. 22 
BSSS(R)C8 1. 08± .48 3. 34± . 91 1. 24±. 39 8. 75± 29. 22 395. 50±138. 11 
BSCBICO 3. 92± .89 3. 57± . 94 1. 13+. 37 116. 17± 44. 10 834. 52±201. 94 
BSCB1(R)C8 
• 
21± .35 2. 49± . 78 1. 42±. 42 39. 86± 33. 50 397. 21+138. 36 
79030 BSSSCO 5. 43 + .96 7. 99±1. 38 1. 29+. 32 163. 79± 36. 98 531. 67+113. 12 
BSSS (R)C8 1. 31± .35 3. 88± . 77 99±. 28 22. 98± 16. 59 413. 70± 95. 74 
BSCBICO 2. 83± .58 4. 54± . 87 1. 10±. 30 129. 30± 31. 91 846. 76+159. 76 
BSCB1{R)C8 1. 78± .42 6. 87 + 1. 21 2. 86±. 55 31. 06 + 17. 72 210. 91± 66. 12 
80029 BSSSCO 6. 45±1 .28 10. 00±2. 08 2. 56±. 63 101. 38± 41. 91 215. 21± 64. 49 
BSSS (R)C8 1. 99+ .62 4. 72±1. 29 1. 90±. 53 68. 05+ 37. 18 252. 51+ 69. 91 
BSCBICO 4. 03 + .92 7. 55±1. 70 2. 48±. 62 150. 58± 48. 97 165. 49+ 57. 30 
BSCB1{R)C8 
• 
82± .45 2. 42± . 96 1. 64±. 49 -22. 13± 24. 87 12. 23± 35. 74 
80030 BSSSCO 7. 08 + 1 .27 11. 89±2. 12 2. 89+. 64 153. 42± 45. 35 149. 00± 42. 54 
BSSS(R)C8 1. 71+ .48 4. 41 + 1. 01 1. 83±. 47 77. 14± 34. 37 112. 83± 37. 30 
BSCBICO 2. 65± .62 9. 18±1. 72 4. 26±. 84 282. 18± 64. 19 396. 27± 78. 91 
BSCB1(R)C8 2. 88 + .65 4. 16± . 98 2. 02±. 51 -34. 82± 19. 11 
• 
01± 21. 44 
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also declined with selection. In all environments the 
variability for S in BSSSCO was greater than in C8, but this 
difference was significant in only three environments. Across 
environments, consistently significant differences for S 
2 between estimates of for BSCBICO and BSCB1(R)C8 were not 
seen. 
/v2 
Combined data indicated that significant Og existed in 
all populations for PSINT, but that selection has failed to 
significantly change the variability of both populations 
(Table 15). Although changes in were not significant, 
variability in BSSS was reduced nearly one-half after eight 
cycles of selection. On the other hand, variability appar-
/\2 
ently increased in BSCBl by one-third. Significant was 
detected for both BSSS populations and for BSCBICO. Compari-
^2 ^2 
sons of Ogg with their respective showed, however, that 
the genotypic variance was always larger. Analyses of indi-
a2 
vidual experiments (Table 13) showed that Og was significant 
in all populations. BSSS(R)C8 had consistently less variabil­
ity than CO, but for both BSSS and BSCBl, selection failed to 
/V 2 
significantly alter for PSINT. 
2 
Broad-sense heritability values (h ), determined from the 
combined analyses, were estimated to be equal to or greater 
than 0.75 for P, S, and PSINT for all populations (Table 15). 
2 Based on individual experiments (Table 17), h for P averaged 
0.75 for BSSSCO and 0.44 for BSSS(R)C8. For BSCBl average 
2 Table 17. Entry mean heritability estimates (h ) for all traits measured in experi-
ments conducted at Ames in 1978, 1979, and 1980 
Trait 
Experiment Population P S PSINT PULLl PULL2 
78029 BSSSCO .63 .82 .71 .49 .61 
BSSS(R)C8 .47 .58 .23 .23 .67 
BSCBICO .54 .57 .42 .66 .69 
BSCB1(R)C8 .38 .64 .58 . 06 .35 
78030 BSSSCO .82 .87 .64 .54 ,68 
BSSS(R)C8 .24 .70 .56 .41 .64 
BSCBICO .75 .75 .54 .79 .81 
BSCB1(R)CB .30 .73 .71 .33 .48 
79029 BSSSCO .63 .73 .48 .12 .48 
BSSS(R)C8 .35 .56 .49 .05 .44 
BSCBICO . 67 .58 .47 .41 .63 
BSCB1(R)C8 .10 .49 .52 .19 .44 
79030 BSSSCO .84 .86 .61 .67 .71 
BSSS(R)C8 .56 .76 .54 .22 .65 
BSCBICO .74 .78 .57 .61 .79 
BSCB1(R)C8 .64 .85 .77 .28 .49 
80029 BSSSCO .76 .73 .62 .38 .51 
BSSS(R)C8 .49 .56 .55 .29 .55 
BSCBICO .66 .67 .61 .47 .45 
BSCB1(R)C8 .29 . 39 .51 â . 06 
80030 BSSSCO .83 .84 .68 .52 .54 
BSSS (R)C8 .55 .66 .57 .35 .47 
BSCBICO .65 .80 . 76 .66 .75 
BSCBl (R)C8 .67 .64 .60 .00 
Average BSSSCO .75 
BSSS(R)C8 .44 
BSCBICO .67 
BSCB1(R)C8 .40 
â 2 Due to negative estimates of VJ 
.81 .62 .45 .59 
.64 .49 .26 .57 
.69 .56 .60 .69 
.62 .61 .14 .30 
was not calculated. 
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values for for P were 0.67 for BSCBICO and 0.40 for C8. 
2 Estimates of h for S generally were larger for all popula-
2 2 tions than h for P. Estimates of h for S averaged 0.81, 
0.64, 0.69, and 0.62 for BSSSCO, BSSS(R)C8, BSCBICO, and 
2 BSCB1(R)C8, respectively. For PSINT average h values 
decreased from 0.62 for BSSSCO to 0.49 for C8, but they in­
creased in BSCBl from 0.56 for CO to 0.61 for C8. Changes in 
2 h estimates between cycles for P, S, and PSINT were in the 
same direction as changes in genotypic variances. Accompany-
/\2 ing decreases in were decreases in the proportion of the 
^2 2 phenotypic variance due to o^. Individual environment h 
estimates for P, S, and PSINT for all populations were, for 
the most part, moderate-to-high and indicated that S^ family 
selection could be an effective method to modify these traits, 
provided significant genetic variability was present. 
Highly significant differences among lines from BSSS and 
BSCBl for root pulling resistance, measured before (PULLl) 
and after (PULL2) anthesis, and for root lodging (LDG) were 
determined from the orthogonal comparisons of the combined 
analyses of variance (Tables 9 and 10). Significant differ­
ences among lines from BSSSCO and BSSS(R)C8 were evident only 
for PULL2 and LDG. For these three root traits, differences 
between CO and C8 of BSCBl were significant. All environment 
X orthogonal comparison interactions were highly significant 
for PULLl, PULL2, and LDG. Selection has affected significant 
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changes in line performance, and these differences between 
populations varied among environments. 
Analysis of combined PULLl data showed no differences 
between means of BSSSCO and BSSS(R)C8 (Table 15). After eight 
cycles of RRS, PULLl of lines was reduced only 0.22 kg. On 
the average, 12.38 fewer kilograms (10%) were required to 
extract root clumps, prior to anthesis, for BSCB1(R)C8 than 
for CO. BSSSCO had greater root strength (PULLl) than BSCBICO , and 
this differential became more pronounced between the advanced 
cycles. Except for the Agronomy Research Center in 1978, 
significant differences for PULLl between lines from both 
BSCBl populations existed in all environments (Table 18). 
BSCB1(R)C8 had weaker PULLl in all environments than CO, and 
differences between the two cycles ranged from 3.22 kg at the 
Agronomy Research Center to 19.87 kg at the Hinds farm, both 
in 1978 (Table 14). CO for BSSS was superior in PULLl to C8 
in four environments, but differences between the BSSS popula­
tions never exceeded 8.8 kg in any environment. During three 
years of testing, no BSCBl population exceeded a BSSS popula­
tion for PULLl. 
Both advanced populations had greater post-anthesis root 
pulling resistance than their respective unselected versions 
(Table 15). Combined data for BSSS showed that PULL2 of S^ 
lines increased, on the average, 6.49 kg (4%) after eight 
cycles of RRS. The superiority of BSSS(R)C8 was evident in 
Table 18. Analyses of variance, means, and, coefficients of variation (C.V.) for pre-anthesis root 
pulling resistance for six experiments conducted at Ames in 1978, 1979, and 1980 
Mean squares 
Source of variation df^ 78029 78030 79029 79030 80029 80030 
Sets (S) 9 7740. 03* 12502.39** 4289.98 10570. 17 2125. 01 623. 23 
Reps/S 10 1958. 20** 1592.93** 1457.22** 1194. 83** 1157. 19** 495. 70 
Lines/S 382 1206. 31** 1153.54** 704.75** 514. 27** 603. 19** 669. 67** 
(379) (380) 
BSSSCO/S 88 930. 50** 813.77** 380.42 489. 88** 538. 12** 592. 45** 
(86) 
BSSS(R)C8/S 88 612. 90* 638.34** 352.95 208. 26 471. 45** 439. ,88** 
(87) 
BSCBICO/S 88 1410. 66** 1801.52** 567.79** 420. 89** 636. 52** 849. .96** 
(87) 
BSCB1(R)C8/S 88 504. 73 560.98** 415.18 224. 41* 291. 08 215. 95 
(87) 
BSSSCO vs. C8/S 10 2409. 74** 2011.77** 1435.40** 1722. 05** 630. 63* 732. 71** 
BSCBICO vs. C8/S 10 5000. 28** 502.14 3884.04** 1567. 36** 1855. 61** 2946. 11** 
BSSS vs. BSCBl/S 10 8233. 74** 7979.64** 6431.11** 4533. 37** 3508. ,34** 3438. 04** 
Experimental error 382 474. 98 377.30 335.45 162. 29 335. 35 285 .60 
(374) (368) (363) (381) (379) 
Mean (kg) 136. ,17 151.72 104.05 98. 17 95. 59 113 .91 
C.V. (%) 16. ,0 12.8 17.6 13. 0 19. 2 14 .8 
^Adjusted degrees of freedom accompany their respective mean squares. 
•k ** 
, , Significant at 5% and 1% probability levels, respectively. 
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all environments, and differences varied from 1.32 kg at the 
Hinds farm to 12.7 kg at the Agronomy Research Center, both 
in 1978 (Table 14). Statistically significant differences 
between CO and C8 of BSSS were noted in four environments 
(Table 19). Lines from the advanced cycle of BSCBl displayed 
greater PULL2 than lines from CO in five environments, and in 
four of the five, differences were significant, based on 
orthogonal comparisons. The greatest difference between these 
two cycles was 22.38 kg at the Agronomy Research Center in 
1978. Averaged over all experiments, BSCBl(R)C8 displayed an 
increase in PULL2 over CO of 7.94 kg (5.5%). 
Root lodging was measured at one location for three years, 
and all orthogonal comparisons between populations were highly 
significant for those years (Table 20). Combined means for 
percentage of root lodging showed root lodging increased in 
BSSS from 13.35% for CO to 29.12% for C8 (Table 15). This 
increase was evident all years and ranged from 8.12% in 1980 
to nearly 25% in 1978 (Table 21). On the other hand, the 
amount of root lodging in S^^ lines of BSCBl was reduced 14.7%. 
This decrease varied from 10.2% in 1979 to 22.1% in 1978. Al­
though standibility of BSCBl was improved, BSSS(R)C8 had 10% 
less root lodging. Root lodging in the BSSS populations never 
exceeded LDG of BSCBl populations in any of the years. 
Highly significant differences among S^ lines of each 
population were evident for the three root traits (Tables 9 
Table 19. Analyses of variance, means, and coefficients of variation (C.V.) for post-anthesis root 
pulling resistance for six experiments conducted at Ames in 1978, 1979, and 1980 
Mean squares 
Source of variation df^ 78029 78030 79029 79030 80029 80030 
Sets (S) 9 19359.85** 3468.30 13536.39 10692. 22** 3680. 92* 949. 67 
Reps/S 10 1667.71* 964.27* 7048.39** 592. 18 890. 72* 585. 98* 
Lines/S 382 2597.60** 2081.30** 2344.19** 1599. 84** 803. 26** 710. 60** 
(378) (379) (381) 
BSSSCO/S 88 2223.51** 1630.59** 1928.98** 1502. 63** 841. 65** 556. 67** 
(85) (86) (87) 
BSSS(R)C8/S 88 2603.29** 1423.43** 1785.55** 1266. 69** 916. 24** 484. 34** 
(87) (87) 
BSCBICO/S 88 2851.67** 2755.84** 2663.60** 2132. 80** 742. 21** 1051. 23** 
BSCB1(R)C8/S 88 1331.68** 990.89** 1788.97** 861. 10** 435. 69 258. 71 
BSSSCO vs. C8/S 10 1274.34 2750.86** 1883.19* 1697. 86* 1307. 16** 391. 56 
BSCBICO vs. C8/S 10 3336.00** 5960.73** 2092.40* 3164. 41** 638. 68 530. 00* 
BBSS vs. BSCBl/S 10 15217.06** 10791.69** 13660.63** 5535. 21** 2903. 87** 5535. 05** 
Experimental error 382 870.43 516.87 994.55 439. 28 411. 23 258. 68 
(347) (351) (361) (380) (377) (378) 
Mean (kg) 172.64 173.89 183.76 181. ,54 115. ,08 117. ,92 
C.V. (%) 17.1 13.1 17.2 11. 5 17. ,6 13. ,6 
^Adjusted degrees of freedom accompany their respective mean squares. 
* ** 
, , Significant at 5% and 1% probability levels, respectively. 
Table 20. Analyses of variance, means, and coefficients of variation (C.V.) for 
root lodging for three experiments conducted at Dayton in 1978, 1979, and 
1980 
Mean squares 
Source of variation df 78031 79031 80031 
Sets (S) 9 7218.53* 3652.16 1290.05 
Reps/S 10 1700.80** 905.87* 297.21 
Lines/S 382 1716.98** 1349.32** 679.41** 
BSSSCO/S 88 478.08** 460.72 125.52 
BSSS(R)C8/S 88 823.93** 552.74** 376.64** 
BSCBICO/S 88 876.74** 764.77** 942.25** 
BSCB1(R)C8/S 88 1484.56** 953.00** 535.88** 
BSSSCO vs. C8/S 10 6415.29** 2685.85** 896.51** 
BSCBICO vs. C8/S 10 7031.05** 2180.26** 1977.94** 
BSSS vs. BSCBl/S 10 19905.34** 22642.99** 5652.58** 
Experimental error 382 232.46 382.25 176.13 
Mean {%) 44.12 42.03 17.78 
C.V. (%) 34.6 46.5 74.6 
*  * *  
, , Significant at 5% and 1% probability levels, respectively. 
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Table 21. Population means for traits measured in experiments 
conducted at Dayton in 1978, 1979, and 1980 
Trait 
Experiment Population LDG YIELD EARS 
% q/ha no. 
78031 BSSSCO 
BSSS(R)C8 
BSCBICO 
BSCB1(R)C8 
79031 BSSSCO 
BSSS(R)C8 
BSCBICO 
BSCB1(R)C8 
80031 BSSSCO 
BSSS(R)C8 
BSCBICO 
BSCB1(R)C8 
16.12 29.05 0.774 
40.61 41.10 0.867 
70.92 37.66 0.946 
48.82 40.22 1.116 
18.06 25.29 0.867 
32.77 29.31 1.009 
63.74 29.54 0.963 
53.54 26.15 1.059 
5.86 15.75 0.712 
13.98 23.10 0.962 
31.53 20.32 0.763 
19.74 25.54 1.096 
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and 10). Only lines from BSSSCO and BSCBICO interacted sig­
nificantly with environments for PULLl, which indicated that 
pre-anthesis root strength of the advanced cycles was rela­
tively unaffected by environmental differences. Significant 
line X environment interactions for PULL2 were found for all 
populations except BSCB1(R)C8, and for LOG, for all popula­
tions except BSSSCO. 
Significant genotypic variability was present in all pop­
ulations for PULLl, PULL2, and LOG (Table 15), as determined 
from their combined analyses. A decrease in variability for 
PULLl in BSSS and BSCBl has resulted from RRS, and, for both 
populations, advanced cycles had less than half of the vari­
ability of their unselected populations. However, this 
decrease in was significant only for BSCBl. Significant, 
^2 positive Ogg was detected only for the unselected populations, 
/\ 2 A2 but OQ was markedly greater than Ogg for all populations. 
2 Estimates of Ogg have also declined approximately 50% with 
selection, but this reduction was significant only for the 
BSCBl population. In all environments the C8 populations dis­
played less genotypic variability for PULLl than their respec­
tive unselected versions (Table 16). For BSCBl the decrease 
in CTg was significant in five environments, but for BSSS, 
significant differences between CO and C8 for were detected 
in only one environment. BSCBICO possessed greater genotypic 
variability for PULLl than BSSSCO, but RRS has affected a more 
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severe loss of variability for PULLl in BSCBl than in BSSS. 
Changes in Og for PULL2 reflected trends observed for 
PULLl. Based on the combined analysis, BSCBICO had signifi-
,\2 
cantly more than BSSSCO, but after eight cycles of RRS, 
BSSS(R)C8 retained more of its original variability and was 
more variable than BSCBl(R)C8 (Table 15). A significant reduc-
^2 tion in was detected for BSCBl, but none was detected for 
BSSS. Significant existed for both BSSS populations and 
for BSCBICO; however, statistically significant differences 
2 between estimates of between respective initial and 
2 
advanced cycles were not observed. All estimates of were 
oili 
2 lower than the corresponding estimates of a^. Differences 
2 between estimates of ag for CO and C8 of BSSS were not sig­
nificant in any environment, and in only four environments 
were estimates of genotypic variability for PULL2 greater for 
CO than for C8 (Table 16). The reduction in variability for 
PULL2 from CO to C8 of BSCBl was observed in all environments, 
and in four environments, differences were significant. 
Genotypic variability for root lodging increased in both 
populations due to RRS, but statistically significant differ­
ences between cycles of BSSS and between cycles of BSCBl for 
•^2 
OQ were not detected from the combined data (Table 15). A 
/\2 
significant, positive o^g was observed only for BSCBICO, and 
2 
all estimates of a^g were at least one-half the magnitude of 
2 2 their respective estimates of a_. Increases in from CO to 
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C8 of BSSS were noted all years (Table 22). Only in 1980, 
2 however, were the estimates of Og from CO and C8 significantly 
different. Genotypic variability for LDG in BSCBICO was 
greater than that estimated for C8 in two years, and signifi-
cant differences between cycles of BSCBl for for LDG did 
not exist. 
Based on variance component estimates from combined 
2 
analyses of variance, h estimates for PULLl, PULL2, and LDG 
exceeded 0.70 for all populations in all instances but one 
2 (Table 15). The h estimates were higher than those obtained 
2 
with less extensive testing. Estimates of h for PULLl, 
obtained from individual experiments (Table 17) averaged 0.45, 
0.26, 0.60, and 0.21 for BSSSCO, BSSS(R)C8, BSCBICO, and 
2 BSCBl(R)C8, respectively. Estimates of h , however, displayed 
considerable variability among environments. Heritability 
estimates for PULL2, generally exceeded those values for PULLl 
in both the combined and individual experiments (Tables 15 and 
17). Average h^ estimates for BSSSCO, BSSS(R)C8, BSCBICO, and 
BSCBl(R)C8 were 0.59, 0.57, 0.63, and 0.36, respectively; and 
for BSSSCO, BSSS(R)C8, and BSCBICO, fairly consistent esti-
2 
mates of h were determined in all environments. Heritability 
/x 2 
estimates, like declined for PULLl and PULL2 in both popu-
2 lations due to RRS. For all years at Dayton, h estimates for 
LDG exceeded 0.50 for both BSCBl populations (Table 23). Esti­
mates obtained for BSSS, however, varied among years, ranging 
from 0.0 to 0.51 for CO and from 0.31 to 0.72 for C8. 
Table 22. Estimated genotypic variances (OQ) for traits measured in experiments 
conducted at Dayton in 1978, 1979, and 1980 
Experiment Population LOG 
Traits 
YIELD EARS 
78031 
79031 
80031 
BSSSCO 122. 81 + 36. 61 58. 42 + 11. 55 .015 + .004 
BSSS{R)C8 295. 73 + 61. 98 78. 45 + 14. 52 .016 + .004 
BSCBICO 322. 14 + 65. 88 77. 55 + 14. 39 .030 + .006 
BSCB1(R)C8 626. 05 + ; 110. 97 19. 59 + 5. 84 .022 + .005 
BSSSCO 39. 23 + 37. 01 36. 29 + 10. 26 .011 + .005 
BSSS(R)C8 85. 24 + 43. 45 51. 24 + 12. 44 .020 + .006 
BSCBICO 191. 26 + 58. 65 29. 30 + 9. 24 .010 + .005 
BSCB1(R)C8 285. 37 + 72. 36 14. 81 + 7. 15 .025 + .007 
BSSSCO -25. 31 + 11. 31 67. 02 + 12. 54 .035 + .008 
BSSS(R)C8 100. 25 + 28. 78 78. 63 + 14. 27 .035 + .008 
BSCBICO 383. 06 + 70. 52 67. 59 + 12. 63 .035 + .008 
BSCB1{R)C8 179. 87 + 40. 44 48. 54 + 9. 80 .039 + .008 
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2 Table 23. Entry mean heritability estimates (h ) for traits 
measured in experiments conducted at Dayton in 
1978, 1979, and 1980 
Trait 
Experiment Population LDG YIELD EARS 
78031 BSSSCO .51 .76 .58 
BSSS(R)C8 .72 .81 .59 
BSCBICO .73 . 81 . 73 
BSCB1(R)C8 .84 .51 .67 
79031 BSSSCO .17 .54 .34 
BSSS(R)C8 . 31 .62 .48 
BSCBICO .50 .49 . 32 
BSCB1(R)C8 .60 .32 .54 
80031 BSSSCO a .80 .69 
BSSS(R)C8 .53 .82 .69 
BSCBICO . 81 . 80 .69 
BSCBl(R)C8 .67 .74 .72 
Average BSSSCO .23 .70 .54 
BSSS (R)C8 .52 .75 .59 
BSCBICO .68 .70 .58 
BSCBl(R)C8 .70 .52 .64 
a. 2 2 Due to negative estimates of Og, h was not calculated. 
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Significance of orthogonal comparisons from combined 
analyses of variance (Table 10) indicated that highly signifi­
cant differences for yield (YIELD) and average number of ears 
per plant (EARS) existed between BSSS and BSCBl and between CO 
and C8 for BSSS. Only for EARS was a significant difference 
detected between the two BSCBl populations. All year x 
orthogonal comparison interactions were highly significant and 
indicated that differences between means of populations varied 
each year of testing. Analyses of variance for individual 
years (Tables 24 and 25) indicated all orthogonal comparisons 
were significant for both traits. 
Reciprocal recurrent selection has effected an increase 
in line yield performance in BSSS and in BSCBl, although 
the gain in yield for BSCBl was not significant. Lines from 
BSSS(R)C8 yielded 7.81 q/ha (33%) greater than lines from CO 
(Table 15). Likewise, S^ lines of BSCBl(R)CO were 1.47 q/ha 
(5%) greater yielding than BSCBICO S^ lines. Comparing the 
unselected populations, BSCBl outyielded BSSS by 25% (5.81 
q/ha) . But, the improvement in. BSSS and limited improvement 
in BSCBl resulted in a slight superiority in yield for BSSS-
(R)C8. For each year of testing, BSSS(R)C8 outyielded CO, and 
the difference between the CO and C8 ranged from 4.02 q/ha 
(16%) in 1979 to 12.05 q/ha (41%) in 1978 (Table 21). In 1978 
and 1980 BSCBl(R)C8 outyielded CO, but the increase never 
exceeded 5.52 q/ha (27%). In 1980 BSCBl(R)C8 outyielded 
Table 24. Analyses of variance, means, and coefficients of variation (C.V.) for 
yield for three experiments conducted at Dayton in 1978, 1979, and 1980 
Mean squares 
Source of variation df^ 78031 79031 80031 
Sets (S) 9 85.80 580.71** 1038.56** 
Reps/S 10 14.90 65.82 126.58** 
Lines/S 382 201.41** 130.57** 189.13** 
BSSSCO/S 88 153.90** 134.31** 167.49** 
BSSS(R)CB/S 88 193.96** 164.22** 190.70** 
BSCBICO/S 88 192.17** 120.33** 168.62** 
BSCB1(R)C8/S 88 76.25** 91.15** 130,53** 
BSSSCO vs. C8/S 10 1534.30** 242.90** 689.05** 
BSCBICO vs. C8/S 10 164.91** 140.94* 357.96** 
BSSS vs BSCBl/S 10 571.22** 115.95* 393.41** 
Experimental error 382 37.06 61.73 33.44 
(381) 
Mean (q/ha) 37.01 27.57 21.18 
C.V. (%) 16.4 28.5 27.3 
^Adjusted degrees of freedom accompany their respective mean squares. 
* ** 
, , Significant at 5% and 1% probability levels, respectively. 
Table 25. Analyses of variance, means, and coefficients of variation (C.V.) for 
number of ears per plant for three experiments conducted at Dayton in 
1978, 1979, and 1980 
Mean squares 
Source of variation df^ 78031 79031 80031 
Sets (S) 9 .045 .272 .437 
Reps/S 10 .010 .110** .098** 
Lines/S 382 .097** .085** .152** 
BSSSCO/S 88 .053** .065** .102** 
BSSS(R)C8/S 88 .054** .082** .100** 
BSCBICO/S 88 .082** .063** .100** 
BSCB1(R)C8/S 88 .065** .092** .108** 
BSSSCO vs. C8/S 10 .137** .266** .652** 
BSCBICO vs. C8/S 10 .334** .138** 1.263** 
BSSSCO vs. C8/S 10 .996** .188** .297** 
Experimental error 382 .022 .043 .031 
(381) 
Mean .926 .974 .883 
C.V. (%) 16.0 21.3 19.9 
^Adjusted degrees of freedom accompany their respective mean square. 
* * * 
, , Significant at 5% and 1% probability levels, respectively. 
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BSSS(R)C8 by only 10%. Generally, BSSSCO was the poorest 
yielding population. 
A correlated response of line yield improvement from 
selection was the increase in average number of ears per plant. 
Lines from BSSS(R)C8 and BSCB1(R)C8 produced 21% and 22% more 
EARS than their respective unimproved populations (Table 15). 
During all years, BSSS(R)C8 produced more EARS than CO, and 
the difference ranged from 12% in 1978 to 35% in 1980 (Table 
21). Similarly, C8 of BSCBl produced more EARS than CO in all 
years, and this increase varied from 10% in 1979 to 44% in 
1980. BSCBl(R)C8 consistently produced more EARS than any 
other population, but this was not necessarily reflected in a 
corresponding yield superiority. 
Highly significant differences among S^ lines and signifi­
cant genotypic variability were present in the four populations 
for YIELD and EARS (Tables 10 and 15). Significant line x year 
interactions for EARS existed for both advanced populations, 
but for YIELD, only lines from BSCBl(R)C8 lacked significant 
variability across years. Genotypic variability for YIELD 
among lines from both unselected populations was similar. 
After eight cycles of RRS, a greater decrease in variability 
for YIELD has occurred in BSCBl than in BSSS, but statistically 
/\ 2 
significant differences between of unselected and selected 
populations was not detected. Although significant Ogy was 
evident for three populations for YIELD, the corresponding 
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genotypic variances were always larger in magnitude. Genotype 
X year interaction variances increased due to RRS in BSSS, and 
this change approached significance. Selection has affected a 
significant reduction in for BSCBl. In all years all popu-
/\ 2 lations displayed significant (Table 22). Comparison of 
initial and advanced cycles showed that variability in BSSS(R)-
C8 was consistently greater than CO, and, conversely, variabil­
ity in C8 of BSCBl was always less than CO. 
Genotypic variability for EARS decreased from RRS in BSSS 
but remained essentially unchanged in BSCBl (Table 15). Sig-
2 
nificant differences between estimates of o_ in BSSS, however, Cj 
were not detected. Only for BSSS(R)C8 was significant, 
and accordingly, it was smaller than its corresponding a^. 
Except for BSCBICO in 1979, significant was observed in all 
populations for all years (Table 22). For both BSSS and BSCBl, 
significant differences between CO and CB populations for OQ 
were not observed. Contrary to the combined analysis, analyses 
of individual years revealed that OQ for EARS increased in BSSS. 
Across years, BSCBl(R)C8 failed to display consistently greater 
variability than BSSSCO. 
2 Entry mean estimates of h , based on the combined analyses 
for YIELD and EARS, were equal to or greater than 0.63 for all 
populations (Table 15). Heritability estimates for YIELD 
(Table 23) averaged 0.70, 0.75, 0.70, and 0.52 across all years 
for BSSSCO, BSSS(R)C8, BSCBICO, and BSCBl(R)C8, respectively. 
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2 2 These values indicated increased h in BSSS and decreased h 
in BSCBl, due to RRS. However, the direction of these changes 
2 
was directly opposite the changes in h , estimated from 
? 
combined data. For a given year, estimates of h" for EARS 
were fairly consistent for the four populations (Table 23), 
2 
and average values for h ranged from 0.54 to 0.64. 
Phenotypic (r^) and genotypic (rg) correlations were 
determined among all traits measured at a location. Based on 
combined data, highly significant phenotypic correlations, of 
moderate-to-high magnitude, were obtained for all populations 
between PULL1-PULL2, P-S, and S-PSINT (Table 26). Negative 
correlations between PULLl and P, S, and PSINT existed for 
both BSSS populations and BSCBl(R)C8; however, only the corre­
lations for BSSSCO were significant in all instances. Corre­
lations between PULL2 and P, S, and PSINT were positive for 
all populations, but correlations were significant only for 
BSSS(R)C8 and BSCBICO. For both BSSS populations, low but 
significant r^'s existed between P and PSINT. Genotypic cor­
relations, computed from variance and covariance components, 
closely approximated their respective r^'s, but they were 
consistently greater in magnitude in the same direction (i.e., 
positive or negative). 
For all populations and all environments, r^'s between 
PULLl and PULL2 were significant and ranged from r^ = 0.30 to 
r^ = 0.69 (Tables 27 to 30). Correlations between PULLl and 
Table 26. Phenotypic (above diagonal) and genotypic (below diagonal) correlations 
among traits measured in six experiments conducted at Ames in 1978, 1979, 
and 1980 
Trait 
Trait Population PULLl PULL2 P S PSINT 
PULLl BSSSCO .67** .36** -.36** -.22* 
BSSS(R)C8 .59** .11 -.11 -.06 
BSCBICO .81** .19 .05 -.17 
BSCB1(R)C8 .72** .27* -.17 -.01 
PULL2 BSSSCO . 80 .10 .13 .09 
BBSS (R)C8 .78 .35* .43** .36** 
BSCBICO .90 .51** .41** .03 
BSCB1(R)C8 .87 .01 .14 .18 
P BSSSCO -.40 .13 .90** .35** 
BSSS(R)C8 -.11 .46 .85** .37** 
BSCBICO .22 .56 .82** .09 
BSCB1{R)C8 -.32 .04 .68** .15 
S BSSSCO -.41 . 16 .92 .72** 
BSSS(R)C8 -.12 .53 .89 .80** 
BSCBICO .07 .45 .83 .65** 
BSCB1(R)C8 -.18 .19 .69 .82** 
PS INT BSSSCO -.29 .13 .42 .75 
BSSS (R)C8 -.10 .45 .49 .83 
BSCBICO -.19 .04 .13 .65 
BSCB1(R)C8 -.01 .23 .20 .84 
* * * 
, , Significant at 5% and 1% probability levels, respectively. 
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PULL2 of BSSSCO were consistently greater than correlations 
for C8. Correlations for BSCBlCO, however, exceeded correla­
tions for C8 in only four environments. Phenotypic correla­
tions between PULLl and PULL2, averaged across the six experi­
ments, were 0.46, 0.36, 0.57, and 0.44 for BSSSCO, BSSS{R)C8, 
BSCBlCO, and BSCB1(R)C8, respectively. 
Significant, negative r^'s between PULLl, and P and S 
of BSSS were detected in five environments (Table 27). As 
a result of RRS, these two correlations increased in BSSS 
but decreased in BSCBl (Table 28). Significant but moderately 
low Zp's between PULL2, and P and S were observed for BSCBlCO 
in all environments. For the other populations, these two 
Zp's fluctuated around 0,0. 
Phenotypic correlations between P and S were highly 
significant and, except in one instance, ranged from 0.65 to 
0.88 for all populations in all environments (Tables 27 to 30). 
Similarly, correlations between S and PSINT were highly sig­
nificant in all instances but one and ranged from 0.56 to 
0.86. Genotypic correlations estimated from individual exper­
iments were calculated and reported, but because some esti­
mates exceeded r^ = 1.0, correlations obtained from the 
combined analyses more accurately approximated the true geno­
typic correlations. 
Highly significant, positive r^'s between YIELD and EARS 
were detected for all populations each year at Dayton and for 
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Table 27. Phenotypic (above diagonal) and genotypic (below 
diagonal) correlations among traits of BSSSCO, 
measured in experiments^ conducted at Ames in 1978, 
1979, and 1980 
Trait 
Trait PULLl PULL2 P S PSINT 
PULLl . 39** -.07 -.09 -.08 
.53** -.29** -.24* -.06 
.48** -.28** -.23* -.04 
. 30** -.48** -.51** -.22* 
.54** -.32** -.26* -.04 
. 50** -.25* -.23* -.06 
PULL2 .47 . 31** .32** .21 
. 78 . 06 .09 . 09 
1.52 -.15 -.18 -.14 
.40 .14 .11 -.01 
. 98 -.12 -.08 -.02 
.84 -.16 -.22* -.18 
P -.02 .55 .78** . 30** 
-.43 . 08 .84** .22* 
-.63 -.16 .87** .25* 
-.60 . 20 .88** .09 
-.47 -.03 . 84** .12 
— .31 -.17 .84** .12 
S -.11 . 46 .87 . 83** 
-.36 .11 . 90 . 72** 
— .48 -.19 . 95 .70** 
-.63 .18 .92 . 56** 
-.35 .07 . 84 .64** 
-.30 -.29 . 88 . 64** 
PSINT -.16 .28 .58 . 91 
-.13 .12 .43 .78 
-.10 -.19 . 63 . 84 
-.34 .03 .24 .60 
-.03 .16 .17 .64 
-.14 — .31 .21 . 66 
^Correlations were obtained from experiments 78029, 78030, 
79029, 79030, 80029, and 80030, respectively. 
* * * 
, , Significant at 5% and 1% probability levels, 
respectively. 
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Table 28. Phenotypic (above diagonal) and genotypic (below 
diagonal) correlations among traits of BSSS(R)C8, 
measured in experiments® conducted at Ames in 1978, 
1979, and 1980 
Trait 
Trait PULLl PULL2 P S PSINT 
PULLl . 31** -.14 — .06 .07 
. 40** -.11 . 00 . 08 
. 36** -.09 -.08 -.02 
. 30** -.42** -.33** -.07 
. 43** — .02 -.09 -.11 
. 38** -.08 -.07 -.03 
PULL2 .44 .27* .51** .50** 
. 71 . 27* . 33** .25* 
1.59 .04 . 12 .14 
.67 . 11 . 27* . 32** 
.80 .12 . 08 -.02 
.78 -.19 -.16 -. 05 
P -.16 .53 . 80** . 10 
— .26 . 70 .67** .19 
.40 . 29 . 76** . 06 
-.96 .22 .82** .24* 
. 24 . 49 . 77** .12 
.04 -.21 .72** .06 
S -.04 . 80 .98 .68** 
. 00 .48 1.04 . 86** 
.22 . 42 .83 .70** 
— .66 .43 . 93 .76** 
.03 .40 . 78 .73** 
-.06 -.20 . 78 .73** 
PSINT .17 1.18 .82 .93 
.12 . 40 1.10 1.01 
-.01 .41 .44 . 86 
-.21 .61 . 70 .91 
-.19 . 12 . 22 .77 
-.13 -.11 .24 .80 
^Correlations were obtained from experiments 78029, 78030, 
79029, 79030, 80029, 80030, respectively. 
* * * 
, , Significant at 5% and 1% probability levels, 
respectively. 
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Table 29. Phenotypic (above diagonal) and genotypic (below 
diagonal) correlations among traits of BSCBICO, 
measured in experiments^ conducted at Ames in 
1978, 1979, and 1980 
Trait 
Trait PULLl PULL2 P S PSINT 
PULLl .58** .21* .08 -.13 
.68** .23* .07 -.19 
.48** .05 -.02 -.11 
.45** -.01 -.05 -.08 
.56** -.05 -.14 -.17 
.69** .05 -.01 — .06 
PULL2 .72 . 37** . 33** . 05 
. 83 .42** .36** .01 
.79 .36** .27* -.14 
.61 . 44** .48** .21* 
1.00 .23* .06 -.18 
.94 .33** .22* . 03 
P .44 . 64 .72** -.12 
.32 .54 .75** -.13 
.24 . 63 .80** -.28** 
.05 .60 .82** .00 
.04 .64 . 80** .11 
.16 .54 .73** .19 
S .18 .52 .80 . 61** 
.09 .45 .82 .56** 
.14 .56 .85 . 35** 
-.02 .65 . 87 .58** 
— .13 . 37 .82 .68** 
.01 . 32 .77 .81** 
PSINT -.27 . 03 .04 .63 
-.31 .01 -.01 .55 
-.21 -.18 -.35 .19 
-.13 .36 .17 .63 
-.27 -.18 .17 . 69 
-.11 .04 .34 . 86 
^Correlations were obtained from experiments 78029, 78030, 
79029, 79030, 80029, and 80030, respectively. 
* * * 
, , Significant at 5% and 1% probability levels, 
respectively. 
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Table 30. Phenotypic (above diagonal) and genotypic (below 
diagonal) correlations among traits of BSCB1(R)C8 
measured in experiments^ conducted at Ames in 1978, 
1979, and 1980 
Trait 
Trait PULLl PULL2 P S PSINT 
PULLl .41** -.15 -.20 -.14 
.50** -.29** -.11 . 05 
.53** -.16 -.03 .11 
. 50** -.15 -.08 .01 
.33** -.22 -.23 -.11 
.39** -.20 -.24** -.10 
PULL2 1.38 -.15 .02 .15 
1.14 -.19 -.03 . 08 
1.42 -.12 -.08 . 00 
1.23. .19 .23* .18 
_  — — —  
-.04 -.13 -.14 iD 
.10 .09 .01 
P -.33 — .48 .65** .03 
. 86 -.48 .46** -.08 
-.04 -.11 .68** . 04 
-. 18, . 38 .76** . 25* 
o 
—  — —  1.50 .69** .01 
o 
. 00 .70** -.16 
S -.81 . 04 .74 . 78** 
-.24 -.07 .49 .85** 
.28 .04 . 89 .76** 
-. 07, . 42 . 83 . 82** i3 
. 82 .56 .73** O 
. 00 .73 .59** 
PSINT -.90 .24 . 35 .89 
.06 .11 . 18 . 94 
. 39 .09 .78 .98 
.04 . 35 .49 .90 
o 
-.07 -.01 .81 JD 
. 00 -.16 .57 
^Correlations were obtained from experiments 78029, 7 8030, 
79029, 79030, 80029, and 80030, respectively. 
^Due to negative estimates of a^, genotypic correlations 
were not obtained. 
* * * 
, , Significant at 5% and 1% probability levels, 
respectively. 
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the combined data (Tables 31 to 33); these correlations ranged 
from 0.41 to 0.79. In 1978 and 1979 YIELD and LDG for 
BSSS{R)C8 exhibited significant, positive correlations. 
Phenotypic and genotypic correlations were esti­
mated between traits examined at Ames and at Dayton. Signifi­
cant correlations between YIELD and P, S, and PSINT existed 
for all populations (Table 34). Generally, EARS, a yield 
component, was significantly correlated with P, S, and PSINT. 
Correlations between root pulling resistance and root lodging 
were low and nonpositive for all populations. Except for 
PULL2 of BSSS(R)C8, correlations between YIELD and root 
strength were generally low but positive for all populations. 
Estimates of r^'s were slightly larger in magnitude than their 
respective estimates of phenotypic correlations. 
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Table 31. Phenotypic (above diagonal) and genotypic (below 
diagonal) correlations among traits measured in 
three experiments conducted at Dayton in 1978, 
1979, and 1980 
Trait Population YIELD 
Trait 
LDG EARS 
YIELD BSSSCO 1 o
 
.80** 
BSSS(R)C8 .30** .59** 
BSCBICO .04 .76** 
BSCB(R)C8 . 06 .65** 
LDG BSSSCO -.03 -.08 
BSSS(R)C8 . 33 . 03 
BSCBICO .03 . 12 
BSCBl(R)C8 .06 . 19 
EARS BSSSCO .86 -.15 
BSSS(R)C8 .62 -.02 
BSCBICO .81 .18 
BSCBl(R)C8 .70 .23 
* * * 
, , Significant at 5% and 1% probability levels, 
respectively. 
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Table 32. Phenotypic (above diagonal) and genotypic (below 
diagonal) correlations among traits of BSSSCO and 
BSSS(R)C8, measured in experiments^ conducted at 
Dayton in 1978, 1979, and 1980 
Trait 
Trait YIELD LDG EARS 
BSSSCO YIELD .06 
-.04 
-.12 
.79** 
.73** 
.72** 
LDG . 06 
-.40 
b 
-.03 
-.08 
-.24* 
EARS .91 
. 94 
.81 
-.11 
-.37 
b 
BSSS(R)C8 YIELD .29** 
.43** 
.06 
.64** 
.67** 
.46** 
LDG .35 
. 84 
. 07 
.09 
.21* 
-.07 
EARS . 69 
.72 
.45 
.11 
.54 
-.13 
^Correlations were obtained from experiments 78031, 
79031, and 80031, respectively. 
^Due to negative estimates of genotypic correlations 
were not obtained. 
* * * 
, , Significant at 5% and 1% probability levels, 
respectively. 
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Table 33. Phenotypic (above diagonal) and genotypic (below 
diagonal) correlations among traits of BSSSCO and 
BSSS(R)C8, measured in experiments^ conducted at 
Dayton in 1978, 1979, and 1980 
Trait 
Population Trait YIELD LDG EARS 
BSCBICO YIELD -.02 .72** 
. 03 .63** 
. 00 .74** 
LDG -.05 .12 
-.07 -.01 
. 00 .07 
EARS .76 .14 
.69 -.02 
.84 .09 
BSCBl(R)C8 YIELD . 03 .41** 
. 09 .65** 
.07 .66** 
LDG .02 .12 
. 06 .23* 
. 08 .14 
EARS .29 .14 
.73 .40 
.72 .20 
^Correlations were obtained from experiments 78031, 
79031, and 80031, respectively. 
^ Significant at 5% and 1% probability levels, 
respectively. 
Table 34. Phenotypic correlations and genotypic correlations (in parenthesis) 
among traits measured in experiments conducted at Ames and Dayton in 
1978, 1979, and 1980 
Trait 
Trait Population YIELD LDG EARS 
PULLl BSSSCO .32** .40) -.24* (-.32) .27* .34) 
BSSS{R)C8 . 02 .03) -.16 (-.24) .16 .26) 
BSCBICO .17 .21) -.41** (-.52) .09 .11) 
BSCB1(R)C8 .30** .37) .00 ( .00) .12 .14) 
PULL2 BSSSCO .07 .09) -.21* (-.27) .02 .02) 
BSSS(R)C8 -.43** -.57) -.27* (-.36) -.16 — .23) 
BSCBICO .05 .06) -.47** (-.57) -.07 -.08) 
BSCB1(R)C8 .29** .37) -.17 (-.22) .19 .25) 
P BSSSCO -.54** -.62) -.05 (-.06) —.42** -.48) 
BSSS (R)C8 -.61** -.78) -.01 (-.01) -.27* -.37) 
BSCBICO -.22* -.26) -.24* (-.29) -.24* -.28) 
BSCB1(R)C8 -.30** -.36) .03 ( .04) .05 .06) 
S BSSSCO -.69** -.79) -.04 (-.05) -.55** -.63) 
BSSS(R)C8 -.71** -.89) -.04 (-.05) -.39** -.52) 
BSCBl -.37** -.43) -.22* (-.26) -.37** -.42) 
BSCBl -.60** -.69) .00 ( .00) -.28** -.33) 
PS INT BSSSCO -.63** -.77) .00 ( .00) -.52** — .64) 
BSSS (R)C8 -.58** -.79) -.07 (-.10) -.39** -.58) 
BSCBICO -.34** -.41) — .06 (-.07) -.31** -.37) 
BSCBl(R)C8 -.56** -.64) -.03 (-.03) -.43** -.51) 
* 
/ 
** 
, Significant at 5% and 1% probability levels, respectively. 
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DISCUSSION 
When evaluating long-term selection programs, such as the 
reciprocal recurrent selection (RRS) program at Iowa State 
University, researchers, in addition to conducting well-
designed experiments, must attempt to understand obvious and 
subtle factors affecting changes in population parameters. 
One subtle, confounding factor present in advanced cycles of 
BSSS(R) and BSCBl(R) was inbreeding depression. The inbreed­
ing coefficient was calculated from the formula presented by 
Falconer (1960): 
Fn = l/(Ng + 1) + [1 - (l/Ng +1))] 
where = effective population size; and 
n = cycle of selection. 
Limiting the number of S^ families used to reconstitute the 
populations after each cycle of selection to 10, resulted in 
an inbreeding coefficient of approximately 32% for both popu­
lations after eight cycles of RRS. Clearly, comparisons 
between the initial and advanced cycles of selection must 
include this inbreeding depression. 
Genotypic variances among lines (assuming noninbred 
parents) corresponded to genetic covariances among families 
2 
and estimated the additive genetic variance (a^) of the base 
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population plus a portion attributable to dominance variance 
/\2 (Op). Only if gene frequencies were known and p = q = 0.5, 
would genotypic variance have corresponded to 
(Sprague and Eberhart/ 1977). For the quantitative traits 
examined in this study, gene frequencies were unknown and 
/\2 dominance variance was assumed to be nominal; hence, was 
approximately estimated by the genotypic variation among 
unselected lines. If genetic effects due to dominance 
were relatively insignificant compared with additive effects, 
the genetic variation would have been maximized at inter­
mediate gene frequencies. Shifts in gene frequencies away 
from intermediate levels, as a direct or a correlated response 
to selection, would have decreased genotypic variation among 
lines of a population (Falconer, 1960) . 
Anthesis for BSSS and BSCBl has converged in succeeding 
cycles of selection. No doubt, selection in breeding nurs­
eries for simultaneous flowering has occurred. If the length 
of the pollen-silk interval in testcross families was a func­
tion of the variability for time of anthesis among the 
parental SQ or plants, changes in P and S also may have 
been correlated responses to testcross yield selection. From 
Figure 1, changes in P due to RRS in BSSS and BSCBl were evi­
dent. Not only did both C8 populations shed pollen approxi­
mately at the same time, but genotypic variability decreased. 
As a result, both advanced populations exhibited a pollen-
Figure 1. Frequency distributions for days from planting to 50% pollen shed for 
BSSSCO, BSSS(R)C8, BSCBICO, and BSCB1(R)C8 from data collected in six 
experiments conducted at Ames in 1978, 1979, and 1980 (arrow identifies 
the line mean; class interval = standard error = 1.74) 
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shedding period, mimicking that of a genetically uniform pop­
ulation (e.g., hybrid). 
Similar changes in means and variances for S were observed. 
For BSSS the frequency distribution (Fig. 2) was reduced and 
has become earlier, affecting a decrease in caused by selec­
tion. Only a small decline in among lines from BSCBl has 
occurred, and as a consequence, the shape of the frequency 
distributions for CO and C8 was similar. The mean, however, 
has shifted towards later time of silking. Genotypic var­
iances for S were larger than for P, and this was understand­
able because of the apical dominance of tassel maturation over 
ear development and because S had a longer duration than P to 
be affected by the environment. Selection for concurrent 
flowering during the RRS program has also reduced PSINT in 
BSSS, while the normal distribution exhibited by BSSSCO (Fig. 
3) has become skewed in the direction of a shorter PSINT for 
2 C8. Although in BSCBl for P and S has declined from selec-
^ 2  tion, means and for PSINT have increased because the popu­
lation has become later flowering. 
At the beginning of the sixth cycle of RRS, machine 
harvesting replaced hand harvesting of testcross yield plots. 
Since then, mild selection against root lodging has occurred 
because lodged plants may have escaped machine harvesting. In 
the same manner, changes in root strength from selection in 
BSSS and BSCBl may have been due to genetic correlations 
Figure 2. Frequency distributions for days from planting to 50% silk for BSSSCO, 
BSSS(R)C8, BSCBICO/ and BSCB1(R)C8 from data collected in six experiments 
conducted at Ames in 1978, 1979, and 1980 (arrow identifies the S, line 
mean; class interval = standard error = 2.13) 
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Figure 3. Frequency distributions for pollen-silk interval for BSSSCO, BSSS(R)C8, 
BSCBlCO, and BSCB1(R)C8 from data collected in six experiments conducted 
at Ames in 1978, 1979, and 1980 (arrow identifies the S, line mean; class 
interval = 1/2(standard error) = 0.81) 
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between root lodging resistance and root pulling resistance 
or between testcross yield and root pulling resistance. 
Spencer (1940) suggested that root development among four 
inbred lines and their hybrids reached a maximum at or shortly 
after anthesis. Long (1959) and Foth (1962) provided data 
which supported the view that root growth was a dynamic 
process which commenced with germination and continued into 
the grain-filling period. In the present study, root pulling 
resistance data for an experiment were usually obtained within 
two days. Changes in root strength among lines of BSSS and 
BSCBl must be examined relative to time of anthesis and stage 
of root development. Eiben (1967) reported that later-
flowering inbred lines tended to have greater root strength 
than earlier lines when measured after anthesis. Lines from 
C8 of BSCBl were later flowering than lines from CO, but the 
later population had poorer PULLl. Earlier-flowering lines 
of BSCBl(R)C8 exhibited superior PULLl, possibly because when 
root pulling was conducted prior to anthesis, later lines of 
C8 had not yet established as extensive a root system as had 
earlier, more vegetatively mature lines from CO. In mid-
August when the second root pulling resistance measurements 
were collected, S^ lines of BSCBl(R)C8 displayed greater root 
strength than S^^ lines of CO. Lines from C8, by having a 
longer, vegetative-growth period, had more days to reach the 
maximum root development stage suggested by Spencer (1940) , 
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and, therefore, had superior root strength. Data suggested 
that the early lines of BSCBICO had a greater rate of root 
development prior to anthesis than the later-flowering lines 
of C8. During the period between PULLl and PULL2, lines of C8 
developed superior root pulling resistance by either capitaliz­
ing on a longer period of active root development or on a 
greater rate of root growth than lines from CO. 
Correlations between PULLl of BSCBICO and P and S were 
slightly positive (Table 26), but as P and S increased with 
selection, the accompanying decrease in PULLl did not agree 
with the sign of these correlations. Significant decreases 
in genotypic variability for PULLl and PULL2 of BSCBl, as 
shown in Figures 4 and 5, suggested that the population has 
become relatively uniform in root strength expression. 
Changes in means for root strength in BSSS did not 
parallel changes that occurred in P and S because of selection. 
Negative genotypic correlations in BSSSCO and in BSSS(R)C8 
between PULLl and P and S supported the hypothesis that pre-
anthesis root strength was a function of the stage of plant 
development and the rate of root growth; i.e., earlier-
flowering lines of a population established a more extensive 
root system earlier in the growing season than later lines. 
Although C8 of BSSS was earlier flowering than CO, changes in 
PULLl between CO and CB were not detected. Reciprocal recur­
rent selection has affected a favorable increase in PULL2, 
Figure 4. Frequency distributions for pre-anthesis root pulling resistance for 
BSSSCO, BSSS(R)C8, BSCBICO, and BSCBl(R)C8 from data collected in six 
experiments conducted at Ames in 1978, 1979, and 1980 (arrow identifies 
the line mean; class interval = 1/2(standard error) = 9.05) 
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Figure 5. Frequency distributions for post-anthesis root pulling resistance for 
BSSSCO, BSSS(R)C8, BSCBICO, and BSCBl(R)C8 from data collected in six 
experiments conducted at Ames in 1978, 1979, and 1980 (arrow identifies 
the line mean; class interval = standard error = 23.99) 
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although positive genotypic correlations in BSSSCO and 
BSSS(R)C8 between PULL2 and P and S were observed. Increased 
post-anthesis root strength, a correlated response to RRS, was 
detected even with the level of inbreeding depression in the 
advanced-cycle populations. 
Decreases in a_ for PULLl and PULL2 from RRS occurred (a 
because of the elimination of lines in the very low and the 
very high root strength classes (Figures 4 and 5). Simul-
/\2 taneous increases in PULL2 means and decreases in a for both Vj 
the BSSS and BSCBl populations corresponded to genetic theory 
if initial gene frequencies governing PULL2 were at inter-
2 
mediate levels and if the reductions in were due to 
increases in the frequency of favorable alleles for PULL2 
(Falconer, 1960). 
Reciprocal recurrent selection was designed to increase 
intervarietal hybrid yield by effectively selecting for all 
types of gene action contributing to yield (Comstock et al., 
1949). Because genotypic variation among unselected S^ lines 
from a population represented primarily the variation due to 
genes with additive effects, and, if RRS accumulated a higher 
frequency of alleles with favorable additive effects in BSSS 
and BSCBl, improvements in the performance of S^ lines should 
have been evident when C8 was compared with CO. Improvement 
in the populations would be a correlated response of RRS for 
intervarietal improvement. Center (197 3) suggested that popu­
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lations could have high general combining ability, but if they 
possessed deleterious recessive alleles, they would be low 
yielding when evaluated as lines. Yield of lines from 
BSSS increased 33% because of RRS, which suggested that selec­
tion increased the frequency of favorable alleles contributing 
to yield performance. After eight cycles of RRS, the level 
of genotypic variability for YIELD has remained relatively un­
changed in BSSS (Table 15). Eberhart et al. (1966) suggested 
that neither mild selection nor drift would significantly 
alter genetic variances of quantitatively inherited traits 
with gene frequencies in the range of 0.2 to 0.8. 
Grady (1980) evaluated unselected S^ lines from the same 
four populations in environments where conventional agronomic 
practices controlled soil insects. Average yield of S^^ lines 
in Grady's study was 50.5 q/ha, which was 75% greater than in 
this study. In comparing variance component estimates for 
yield and ears per plant obtained from the stress environments 
at Dayton with estimates from other studies, the lower means 
probably were accompanied with decreased genotypic variability. 
Only a slight increase (5%) in S^ yield occurred from RRS 
in BSCBl, but declined 31% (Table 21 and Fig. 6). Selec­
tion for improved intervarietal cross yield may not have 
accumulated favorable alleles with additive effects or may not 
have effectively reduced the frequency of deleterious reces­
sive alleles. RRS may have affected an increase in the 
Figure 6. Frequency distributions for yield for BSSSCO, BSSS(R)C8, BSCBICO, and 
BSCB1(R)C8 from data collected in three experiments conducted at Dayton 
in 1978, 1979, and 1980 (arrow identifies the S, line mean; class 
interval = standard error = 6.64) 
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frequency of favorable alleles with additive effects, but 
these gains may not have been sufficient to overcome the 
deleterious effects of inbreeding. Smith (1979) determined 
that RRS increased the frequency of favorable alleles in BSSS 
and BSCBl, but that considerable inbreeding depression nulli­
fied those gains. Smith also stated that different levels of 
inbreeding depression could accumulate in BSSS and BSCBl, 
although both populations may have had similar effective pop­
ulation sizes. From this study the confounding effects of 
inbreeding could not be separated from observed changes in 
means and genetic variances. Comparisons between the decreases 
2 in Og for PULLl, PULL2, and YIELD in both populations suggested 
that effects of inbreeding depression have been more severe in 
BSCBl than in BSSS. 
Highly significant negative correlations (Table 34) 
between YIELD and P, S, and PSINT implied that earlier-
flowering lines, which also had lower PSINT, exhibited a YIELD 
superiority. Corn rootworm larval or adult population counts 
were not estimated at Dayton. Assuming the trap-crop tech­
nique was successful, earlier-flowering lines probably suffered 
only minor feeding damage, but later lines were more affected 
by the synergistic effects of root pruning, silk destruction, 
and drought. Martin and Hallauer (1980) reported that yield 
of BSSS per se had increased only 2.4 q/ha (4.8%) after seven 
cycles of RRS. This is in contrast to the 33% YIELD improve-
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ment in lines of BSSS included in this study. A portion 
of this differential between family YIELD of CO and C8 
might have been due to an increase in the frequency of desir­
able alleles; but because BSSSCO was the latest-flowering 
population, BSSSCO probably expressed less of its YIELD 
potential than did BSSS(R)C8. 
Harris et al. (1972) suggested that prolificacy was coded 
by recessive genes and that superior yield genes were more 
fully expressed in prolific genotypes. Reciprocal recurrent 
selection has increased prolificacy 21% in BSSS and 22% in 
BSCBl S^ lines. Highly significant positive correlations 
(Table 31) between YIELD and EARS suggested that selection for 
increased testcross yields additionally accumulated a greater 
frequency of alleles governing prolificacy in both populations. 
An inbreeding coefficient of approximately 30% also implied a 
greater expression of recessive genes regulating prolificacy 
in C8 rather than in CO populations. For BSCBl(R)C8, the 
increase in EARS did not express a corresponding increase in 
YIELD. A 32% decrease in for EARS in BSSS, while pro­
lificacy increased, suggested that allelic frequencies before 
selection were near intermediate levels. Eight cycles of 
selection seemingly increased the frequency of favorable 
alleles for EARS and, consequently, caused a decline in 
variability. In BSCBl concurrent increases in the mean and 
^2 
Gg for EARS supported the hypothesis that selection increased 
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the frequency of favorable alleles towards p = 0.5 (Fig. 7). 
If maize breeders were able to discard inferior breeding 
material before pollination, the efficiency of selection would 
be improved. The second objective of this study was to deter­
mine if root strength evaluation could effectively select lines 
before anthesis without adversely affecting the level of per­
formance of other important traits. Eiben (1967) and Rogers 
et al. (1977) determined the root pulling technique to be a 
useful method of reducing root lodging by selection of lines 
with larger root systems. In this study root pulling 
resistance and root lodging were negatively correlated, but 
the degree of association between these traits varied among 
populations (Table 34). Plants were recorded as being root 
lodged if they displayed early season "goosenecking" or late-
season lodging at the soil surface. From correlations between 
root lodging and root strength, one would not have been able 
to distinguish an association between root strength and root 
lodging that may have occurred during a specific period in the 
growing season. 
Root strength (PULLl) of BSSS(R)C8 was only 0.22 kg less 
than for BSSSCO, and PULL2 of BSSS(R)C8 exceeded that of 
BSSSCO by 6.49 kg (Table 15). Unfortunately, root lodging 
increased from 13.35% for CO to 29.12% for C8. These dis­
crepancies were difficult to explain. Owens et al. (1974) 
and Obilana and Hallauer (1974) examined BSSS and concluded 
Figure 7. Frequency distributions for number of ears/plant for BSSSCO, BSSS(R)C8, 
BSCBlCO, and BSCB1(R)C8 from data collected in three experiments 
conducted at Dayton in 1978, 1979, and 1980 (arrow identifies the S, line 
mean; class interval = standard error = 0.179) 
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that because moderately sized correlations existed between 
rootworm feeding damage and root size, selection for larger 
root systems should result in a corresponding reduction in 
damage from rootworm feeding. Rogers et al. (19 7 6b) further 
implied that genotypes of BSSS with larger root systems also 
possessed a yield superiority. The observed increases in root 
strength and root lodging from RRS in BSSS were not compatible. 
Although root strength increased from CO to C8, as observed in 
environments without enhanced rootworm numbers, a decrease in 
the frequency of alleles conditioning resistance to or 
tolerance to rootworm feeding may have occurred as an unfore­
seen correlated response to RRS. The increased susceptibility 
of C8 to feeding damage from rootworm larvae may have overcome 
the beneficial aspects of increased root strength. More 
likely, the stage of root development when lodging occurred at 
Dayton did not correspond to the root condition when root 
pulling measurements were conducted at Ames. 
In BSCBl the level of root lodging of CO was reduced by 
/V 2 
27% while PULL2 increased 5%. The significant decline in G 
A 2 for PULL2 and increase in for LDG implied that the sets of 
genes coding for these two traits were dissimilar. The 
decrease in mean and increase in for LDG (Fig. 8) were 
desirable since the additional variability would have assured 
continued success in selection for decreased LDG, Genetic 
theory suggested that the frequency of alleles governing 
Figure 8. Frequency distributions for root lodging for BSSSCO, BSSS(R)C8, BSCBlCO, 
and BSCB1(R)C8 from data collected in three experiments at Dayton in 
1978, 1979, 1980 (arrow identifies the S, line mean; class interval = 
standard error = 16.24) 
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resistance to LDG was originally low in BSCBICO but has 
increased towards intermediate levels as RRS has proceeded. 
Root lodging data often may not be reliable enough to use 
in effectively selecting for root strength. In certain 
environments (e.g., Dayton in 1980) little root lodging occurs, 
and in other environments, root lodging may be observed in 
only certain sites in a specific field. The root pulling 
technique provided reliable data with consistent C.V.'s 
(Tables 18 and 19) and could circumvent problems associated 
with unreliable root lodging data. 
Since low, but positive, correlations existed between 
YIELD and PULLl for all populations (Table 34), selection for 
increased pre-anthesis root strength would not have adversely 
affected line YIELD performance. In BSSSCO, BSSS(R)C8, and 
BSCB1(R)C8 earlier-flowering lines had superior root strength 
and YIELD. Hence, family selection for PULLl would have 
selected earlier lines. Correlations were determined between 
YIELD and PULLl for a truncated sample of lines from each 
population. Based on the frequency distributions for S (Fig. 
2), correlations were obtained only from lines which com­
prised, in total, the three highest frequency classes. For 
all populations, entry means of at least 70 lines were com­
pared, but for each population, those lines silked during a 
six-day interval. Having essentially eliminated a bias due to 
date of silk, correlations between YIELD and PULLl were r = 
0.17, 0.01, 0.17, and 0.24 for BSSSCO, BSSS(R)C8, BSCBICO, 
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and BSCB1(R)C8, respectively. These correlations implied 
that selection for superior root strength prior to anthesis, 
could accompany family selection for YIELD. 
Comparisons between YIELD and root strength of lines 
which a plant breeder might select for further testing and 
development were of interest. If the best 2 0 lines for PULLl 
for BSSSCO were selected, 10 of the lines would also have been 
included in the set of 20 best lines for PULL2, and six would 
have been included in the 20 best for YIELD. Three lines were 
also in common with the set of 20 poorest lines for YIELD. 
Thirteen of the 20 would have been identified as being in the 
upper half of the lines for YIELD. If lines of BSSSCO identi­
fied as having better than average PULLl were selected, 30 of 
50 lines also had above average YIELD. A similar selection 
of above average lines for PULL2 would have identified only 
27 of the highest yielding genotypes. Selection for PULLl in 
BSSSCO identified more high-yielding lines than if the traits 
had been uncorrelated. 
Selection for root strength prior to anthesis also seemed 
preferable in the BSCBl unselected population. Twenty-seven 
of 50 lines that had above average PULLl also had above 
average YIELD. Similar selection in BSCBlCO for PULL2 would 
have identified only 23 lines. Any random sample of 20 lines 
should have possessed, on the average, four lines included in 
the upper 20% of lines for YIELD. Selection of 20 lines with 
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greatest PULLl identified six lines in the set of 20 with 
highest YIELD. This truncation selection for superior PULLl 
detected more high-yielding lines than would have similar 
selection of lines for PULL2. Nine of the 20 lines were common 
to both sets of 2 0 lines with greatest PULLl and PULL2. 
Thirty-one of 43 (72%) lines of BSCB1(R)C8 with greater 
than average PULLl also displayed greater than average YIELD. 
Only 27 of the higher-yielding lines were detected by PULL2. 
Included among the 20 best lines for PULLl and for PULL2 were 
six and seven lines also included in the top 20 lines for 
YIELD, respectively. Ten lines were common to both sets of 
lines representing the superior 20 lines for PULLl and PULL2. 
Rogers et al. (1976a) recommended that an efficient alloca­
tion of resources for an family recurrent selection program 
to improve root strength would consist of three replications 
at each of two locations, with 3 to 5 plants sampled per plot. 
Entry mean heritability estimates for PULLl, averaged over six 
experiments, were 0.45 and 0.60 for BSSSCO and BSCBICO, 
respectively. These values indicated; that family popula­
tion improvement for root strength would be feasible. The 
/\2 
reduction in Og for PULLl in both populations with RRS also 
2 
effected a reduction in h . Lack of ample genetic variability 
2 for PULLl and low estimates of h would reduce genetic improve­
ments for PULLl in these populations. Generally, estimates of 
2 2 h and were larger for PULL2 than for PULLl. This resulted 
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from a longer growth period and increased opportunity for 
variation to be expressed. Heritability estimates were of 
sufficient magnitude to suggest that family recurrent 
selection for PULL2 would effectively increase root strength 
in all populations. Since significant was detected for 
BSSSCO and BSCBICO for PULLl and for all populations for 
PULL2, testing in more than one environment, as Rogers et al. 
(1976a) suggested, seems appropriate. 
For the BSSS(R)C8 population, the lack of a correlation 
between PULLl and YIELD and a negative, moderately sized cor­
relation between PULL2 and YIELD suggested that selection for 
increased root strength could be counterproductive when 
additionally selecting for superior S^ YIELD. Only nine of 
the best 20 lines for PULLl had above average YIELD. Selec­
tion of lines with above average PULLl detected 26 lines with 
below average YIELD and only 21 lines with above average YIELD. 
Of the 2 0 lines possessing superior PULL2, seven lines were 
common to the set of 2 0 poorest lines for YIELD. Selection of 
lines with above average PULL2 identified 32 lines with below 
average YIELD and 14 lines with above average YIELD. Lines 
with superior root strength exhibited a tendency to be poorer 
yielding. Careful selection among lines would be required 
to improve root strength while continuing to select alleles 
with favorable effects for YIELD. A selection index could 
be useful in achieving simultaneous genetic improvements 
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in both traits. 
Drought conditions existed at both Ames locations in 
1980, and severe leaf firing was evident at the Hinds farm at 
anthesis. Because of the lack of soil moisture in 19 80, means 
for PULL2 averaged only 116.5 kg or approximately 33% less 
than in 1979 and 36% less than in 1978. Foth (1962) deter­
mined that in mid-August, 68% of the total dry weight was 
located in the upper six inches of soil. That figure, of 
course, was specific for the genotypes and environments that 
were sampled. Dry soil inhibited extensive root development 
in the upper inches of soil, and the root systems that 
developed in 1980 had greatly reduced resistance to vertical 
pull. Although this is purely speculative, data suggested 
that the fibrous root clump, characteristic of root develop­
ment with adequate soil moisture, did not develop or persist 
after anthesis in 1980. Root development, like yield, was a 
function of the environment and the genotype. Greatest root 
strength was observed when soil moisture was not limiting to 
plant growth. 
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SUMMARY AND CONCLUSIONS 
Unselected S^ lines from BSSSCO, BSSS(R)C8, BSCBICO, and 
BSCB1(R)C8 were evaluated at three Iowa locations in 1978, 
1979, and 1980. The primary objective of this research was to 
determine if changes in population parameters of BSSS and 
BSCBl have occurred after eight cycles of RRS. Inferences were 
drawn from the data concerning factors effecting these changes 
to gain a better understanding of the effects of RRS on the 
BSSS and BSCBl maize populations. The interrelationships of 
several factors affecting S^ line performance were also dis­
cussed. 
Changes in means and variances were caused by changes in 
the frequency of alleles as a result of correlated response 
to RRS and of inbreeding depression. Genotypic variance in 
A 2 
BSSS decreased 57% for PULLl, and in BSCBl decreased 68%, 
75%, and 31% for PULLl, PULL2, and YIELD, respectively. Geno­
typic variability of these quantitatively inherited traits 
decreased more than was predicted by genetic theory (Eberhart 
et al., 1966). Because no major changes in mean performance 
for root strength and YIELD in BSCBl and root strength in 
BSSS were observed, the sizeable decreases in variability 
were probably caused by the effects of inbreeding; the in­
breeding coefficient approximately equalled 32% after eight 
cycles of selection. Decreased for P and S possibly 
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occurred from changes in the frequency of alleles governing 
days to anthesis and not inbreeding depression. Since changes 
in means for P and S were reported for earlier cycles of 
sélection, changes in seemed to be consistent with selec­
tion of quantitative traits with less complex inheritance than 
traits like root strength and YIELD. 
YIELD of lines of BSSS increased 33% after eight 
A T  
cycles of selection, while decreased only 5%. The objective 
of recurrent selection, to increase mean value and to maintain 
the initial level of variability, apparently has been effec­
tive. Unfortunately, the increase in the frequency of favor­
able alleles governing line YIELD as a correlated response 
to RRS, was not evident. Environmental stress seemed to sup­
press YIELD of BSSSCO and accentuated the apparent differential 
between YIELD of CO and C8. 
In both BSSS populations and in BSCB1(R)C8, negative cor­
relations occurred between PULLl and dates of anthesis. BSCBl 
became later flowering and PULLl decreased. Because all cor­
relations between PULL2 andP and S were positive, this suggested 
that root strength was a function of the stage of vegetative 
or root development. Increases in root strength in the BSSS 
population after eight cycles of RRS implied that favorable 
increases in allelic frequencies for root strength were 
achieved despite the association between time of anthesis and 
root strength. 
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The second objective of my study was to determine if root 
pulling resistance measured before anthesis would be as effec­
tive as selecting superior lines for root strength after 
anthesis. From my study family evaluation for pre-anthesis 
root pulling resistance was recommended for BSSSCO, BSCBlCO, 
2 2 
and BSCB1(R)C8. Although estimates of h and ag were greater 
for PULL2 than PULLl, more higher-yielding genotypes were 
identified with truncation selection for superior PULLl than 
for PULL2. 
Expected genetic advance for family selection (Table 
35) was calculated for several combinations of replications 
and environments for PULLl for BSSSCO and BSCBlCO. An 
efficient allocation of resources for a preliminary screening 
of Sj^ lines to discard weakly rooted genotypes, seemed to be 
two replications at two locations. Because significant 
was detected for PULLl for BSSSCO and BSCBlCO, testing at 
more than one location would be advised to identify lines 
displaying consistent performance across environments. Nega­
tive correlations of PULLl with root lodging and positive 
correlations with PULL2 further supported pre-anthesis root 
strength evaluation. 
2 2 Low estimates of h and ag for BSSS(R)C8 and low-yielding 
lines identified as having better root strength than high-
yielding lines suggested that truncation selection for superior-
rooted S^ lines would be counterproductive in BSSS(R)C8. 
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Table 35. Expected genetic advance from family selection 
in BSSSCO and BSCBICO for PULL for combinations of 
replications and environments 
Expected genetic gain^ 
Number of Number of - kg 
replications environments BSSSCO BSCBICO 
2 1 9.11 13.98 
3 1 10.04 14.86 
2 2 11.02 16.37 
3 2 11. 80 17.06 
2 3 11.98 17.48 
^Expected genetic advance for S^ family selection = 
2 2 2 2 kOg// a /re + ; variance component estimates from 
Table 15; k = standardized selection differential for 20% 
selection intensity (Sprague and Eberhart, 1977). 
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